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SYNOPSIS 

Skin is a unique organ in the human body. It permits the terrestrial life by 

offering temperature control and prevention of water loss. The epidermis' is the 

uppermost layer of skin and comprised of many layers. Skin is damaged in many 

ways and at various levels. Various skin constructs are available today and are being 

developed continuously to meet the demand of a good skin substitute. Development 

of skin substitutes involves cell culture and retrieval which greatly affect the outcome 

of the product. Cell sheet engineering is the recently developed science which enables 

the retrieval of cell sheet without loss of cellular integrity and functionality. This 

study aims at developing an in vitro scaffold free skin construct using keratinocytes. 

The thesis consists of four chapters namely Introduction, Materials & 

Methods, Results & Discussion and Summary & Conclusion. Chapter I includes the 

background of the work, review of literature in relevance to the study. Skin tissue 

engineering deals with development of skin substitutes, skin like grafts, eith~r from 

autologous or allogenous sources for various uses like replacement of damaged skin, 

as an alternative option for animal studies mainly for the in vitro cytotoxicity tests of 

various chemicals. The various skin substitutes developed through tissue engineering 

and synthetic means are discussed in detail. 

Inspite of the scientific advancement in the field of skin tissue engineering, 

development of a scaffold free skin construct is still far from reality. To achieve this, 

the present study aims at 

1. Development of thermoresponsive modified culture surface based on PET. 

2. Development of in vitro keratinocyte tissue construct. 

3. Characterization of epidermal construct 

4. Isolation, culture and characterization of adult murine keratinoc'ytes to 

establish a culture for the development of an in vitro animal model of this 

concept. 
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Chapter II describes the methods and materials adopted and employed in the 

study to achieve the objectives. Commercially available polyester based over head 

projection sheet (OHPS) was alkali modified and coated with thermoresponsive 

NGMA copolymer to develop thermoresponsive modified culture surface. Apart from 

the earlier reported method of hand coating of OHPS sheets with NGMA copolymer, 

an indigenous spin coating machine was used to spin coat the modified OHPS sheets. 

It was characterized in different ways to analyze its properties like thickness, 

wettability and presence of NGMA copolymer. Human keratinocytes were cultured 

on the developed culture surface and cell sheets were retrieved in two methods 

namely transfer method and scrape method. The obtained cell sheets and constructs 

were analyzed by live-dead staining, growth, presence of epithelial characteristic 

marker Z0-1 (zona occludence-1) and overall structural integrity. This chapter also 

deals with methods adopted for the isolation, culture and characterization of primary 

murine epidermal keratinocytes from dorsal skin of 1 year old Balb/C mouse cadaver. 

Defined keratinocyte serum free medium with cholera toxin was used for the culture. 

The isolated cells were cultured on various extracellular matrices and in growth 

factors enriched media to achieve attachment and spreading of the cells. The isolated 

as well as cultured cells were characterized by immunostaining against markers such 

as cytokeratin-1 (CK-1), cytokeratin-14 (CK-14). 

Chapter III and IV contains the results of the various experiments conducted 

and the relevant discussions. Cell sheets developed from human keratinocyte cell line 

were transferred to TCPS and were found to be viable after 24 h and showed 

significant growth by 1th day. Cell sheet constructs retrieved from spin coated OHPS 

sheets, were found to be viable and express the Z0-1 protein proving their epithelial 

character. Its morphology was observed using environmental scanning electron 

microscopy. The primary murine keratinocytes, isolated from 1 year old mouse 

cadaver, showed very weak attachment and spreading inspite of providing various 

extracellular matrices like collagen type-I, mixture of type-I and IV, extracellular 

matrix derived from mesenchymal stem cells, human keratinocytes cell line. Chapter 

V is the summary and conclusion of the work followed by bibliography. 
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In brief, PET was subjected to surface hydrolysis using alkali and imparted 

thermoresponsive nature by coating NGMA in two different methods. The developed 

culture surfaces were analyzed in different ways. Human keratinocytes were grown 

and retrieved as cell sheet patches and constructs using transfer method and peeling 

method respectively. The obtained cell sheets were characterized in different ways 

and proved their viability after retrieval, ability to grow on transferred culture 

surfaces, ability to retain epithelial marker protein and its structural integrity. Culture 

of primary murine epidermal keratinocytes from dorsal skin of 1 year old mouse 

could not be established and the requirement to refine various steps of the isolation 

protocol and culture techniques was identified. 
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Chapter I 

INTRODUCTION 

1.1 Background 

1.1.1 Skin- Anatomy and Function: 

Skin is a unique organ in the human body. It permits the terrestrial life by 

offering temperature control and prevention of water loss. It protects the interiors 

from dangerous chemicals and microorganisms. [Williams AC. 2003] Skin a complex 

tissue with stratified, cellular component called the epidermis, and an underlying 

connective tissue called the dermis (Figure 1). The dermis is followed by panniculus 

adiposus, the subcutaneous fatty layer and panniculus carnosus, the vestigial striated 

muscle. The epidermis is projected into dermis called the rete ridges, which provide 

mechanical support to epidermis and act as semi-permeable barrier for the exchange 

of cells and large molecules between dermis and epidermis. 

1.1.1.1 Epidermis 

Epidermis is a terminally differentiated stratified squamous epithelium, made 

of keratinocytes, which account for nearly 95 % of the total cellular population. 

Epidermis also has melanocytes, Langerhans' cells and Merkel cells. Keratinocytes 

show a progressive movement from basement membrane to the surface of skin, with 

characteristic morphological variations, allowing the epidermis to be divided into four 

layers namely, stratum basale, stratum spinosum, stratum granulosum and stratum 

corneum. 

1.1.1.2 Stratum basale 

It is generally a one cell thick layer composed of basal cells, small and 

cuboidal (1 0-14 nm) with large, dark -staining nucleus and high ribosomal content. 

The keratinocytes in this layer are metabolically active and divide through mitosis 
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every 200 to 400 h. of the produced two daughter cells, one stays at basal layer while 
the other migrates upwards. [Williams AC. 2003] 

Dermal-
epidermal 

junction 

Stratum corneum 
Granular layer 

Epidermis Spinous layer 

Arrector 
pili 

Cortex 

0 » ' • - 7T*y a a a 

Basement 
membrane 
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Cuticle Medulla 
Eccrine gland Inner root 

sheath 
Outer root 

sheath 
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Dermal papilla of 
hair follicle 

@ Adherens junction 
i Hemidesmosome 
M Desmosome 

Focal contacts Fat of subcutis 

Figure 1 Diagrammatic representation of longitudinal cross section view of 
normal human skin [McGrath et al. 2004] 

Stratum basale can be double or triple layered structure in the case of glabrous 
skin (palms and soles) and hyperproliferative epidermis. The keratinocytes are 
connected among themselves and to the adjacent spinosum layer through 
desmosomes, proteinaceous anchor units and to the basal layer by hemidesmosomes. 
Basal layer also contain, melanocytes, cells that produce melanin, an energy sink in 
the skin, Langerhans cells, the dendritic antigen presenting cells of skin which play a 
lead role in immunity functions of skin and Merkel cells responsible for the tactile 
function of skin. [Williams AC. 2003]. 

1.1.1.3 Stratum Spinosum 
As a part of their movement, the epibasal keratinocytes grow in size and form 

layer of spinous cells called the stratum spinosum.[ McGrath et al. 2004]. In this 
layer, keratinocytes are 5-6 layered and show columnar to polygonal shape. They start 
differentiation and develop tonofibrils, the precursor elements of desmosomes. 
Stratum basale and spinosum are collectively called the Malphigian layer. [Williams 

AC. 2003] 
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Figure 2 Diagrammatic representation of human 
differentiation.[Williams AC. 2003] 

1.1.1.4 Stratum Granu1osum 
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Spinous keratinocytes subsequently develop keratohyalin granules and 

transform further to stratum granulosum. Keratohyalin granules mature the keratin 

proteins. The keratinocytes are 1-3 cell layers thick and contain enzymes required for 

the degradation of organelles like nucleus, etc. In addition to keratohyalin granules, 

Odland bodies/membrane coating granules are found in upper spinous layer and 

granular layer, which were found to be the cohesive agents in stratum corneum. 

1.1.1.5 Stratum Corneum 

The uppermost layer is called the stratum corneum, developed from granular 

layer, sometimes from stratum lucidum (an intermittent layer between granular and 

. corneum layer, in palmoplantar skin). It is composed of corneocytes, the flattened 

keratinocytes with no nucleus and no cytoplasmic organelles, but with crosslinked 

keratin protein. The corneocyte has a highly insoluble cornified envelope within the 

plasma membrane, formed by cross-linking of the soluble protein precursor, 

involucrin, due to the enzyme epidermal transglutaminase. The process of 

6 



desquamation involves degradation of the lamellated lipid in the intercellular spaces 

(formed by the Odland bodies) and loss of the residual intercellular desmosomal 

interconnections (fig-2). [McGrath et al. 2004] 

It has been represented as a brick and mortar model (figure-3) (Michaels et al. 

1975) which conveys that keratinocytes are embedded in the mortar of lipid matrix. 

Typically a cell at stratum basale takes 14 days to differentiate and migrate to the 

stratum corneum and spends nearly another 14 days prior to shedding. Stratum 

corneum is the key layer of skin involved in prevention of water loss and entry of 

microorganisms and harmful chemicals. The protein content of corneocytes is- 75-80 

%, comprising of alpha-keratin (- 70 %), beta-keratin (-10 %) and a cell envelope 

(-5%). [Williams AC. 2003]. 

1.1.1.6 Dermis 

Dermis is the main component of human skin with a width of 3-5 mm, 

containing connective tissue of collagen and elastic fibers embedded in 

mucopolysaccharide gel [Wilkes et al. 1973]. Dermis is highly vascularized and 

nervated, imparting the skin thermoregulatory and sensory functions respectively. It is 

embedded with numerous structures like hair follicles, sebaceous glands, sweat glands 

and apocrine glands. Hair follicles are present almost all over the body except the load 

bearing sites like palms, sole of the feet, and regions like lips, etc. Sebaceous glands 

secrete sebum (pH-- 5.0), a skin lubricant, eccrine or sweat glands secrete sweat, a 

salt solution of pH - 5.0 for temperature control and killing microbes on the skin 

surface. Apocrine glands are located in the dermo-epidermallayers and are restricted 

·to nipples, axillae and ano-genital regions [Williams AC. 2003]. 

The dermal fibroblasts can synthesize as well as degrade the extracellular 

matrix components, including that of basement membrane. They also secrete growth 

factors like IGF-1 and bFGF, which influence epidermal growth. It is shown that the 

growth and induction of terminal differentiation of human or canine keratinocytes 

does not require the aid of fibroblasts [Suter et al. 1990 and Rosdy & Clauss 1990]. 
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Figure 3 Diagrammatic representation of brick and mortar model of human 
stratum corneum. 

Living post-mitotic fibroblasts were shown to promote epidermal growth 

partially by the secretion of diffusible factors [Coulomb et al. 1989]. Research over 

decades lead to the fact that a proper crosstalk or communication is required between 

fibroblasts and keratinocytes to establish a functional extracellular matrix (basement 

membrane) for the latter cells [Delvoye et al. 1988]. 

1.1.1.7 Subcutaneous fat layer (panniculus adiposus}: 

This is also called the hypodermis. It bridges the dermis and the underlying 

body parts. Except in a few areas like the eyelids, the hypodermis is relatively thick 

and serves as insulator and shock absorber. Sometimes it even functions as supply site 

of high-energy molecules. 

1.1.2 Structural Proteins of Keratinocytes 

1.1.2.1 Keratins 

Keratins are intermediate filaments of 10 nm diameter and constitute the major 

fraction of intracellular cytoskeleton of epithelial cells. Upon differentiation, the basal 

keratinocytes express different keratin molecules [Fuchs. 1988], along with synthesis 

of envelope precursor proteins and related enzymes [Reichert et al. 1993]. These 
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filaments are made up of keratin subunits. An acidic (type I) and basic (type II) 

keratin subunit molecule form a heterodimer, which pairs with another heterodimer in 

antiparallel and staggered manner to form a tetrameric protofilament. Four of such 

protofilaments combine to form an intermediate filament of keratin. 

The basal keratinocytes express K 5 (type II) and K 14 (type I) whereas the 

suprabasal cells express K 1 (type II) and K 10 (type I). During wound healing, the 

hyperplastic epithelium expresses K 6 (type II) and K 16 (type I). Certain locations of 

human body like palms, soles and the animals footpads, express K 9 (type I) [Bonifas 

et al. 1994]. Keratinocytes, when enter the granular layer, stop the expression of 

keratins, and express profillagrin which is stored in their characteristic kerat_?hyalin 

granules. Later, the profillagrin is dephosphorylated and proteolysed to form mature 

fillagrin, an interfilament matrix protein. This protein bundles keratin filaments by 

cross linking via allowing permanent disulfide bond formation [Fuchs 1990]. 

1.1.3 Dynamics and Kinetics of Epidermis 

As described earlier, the basal cells divide and migrate to the top layers, 

transformed ultimately into corneocytes and shed-off. The rate of shedding of 

corneocytes must match the rate of production of daughter basal cells, which is not 

observed in pathological conditions. All basal cells are not stem cells as their 

proliferative population contains transient amplifying cells too, which can divide 

further only a few times and result in terminally differentiated cells. Stem cells of 

epidermis are located in the interfollicular epidermis and in the bulge region of 

follicles. The stem cells in the bulge region are multipotent in the aspect of their 

differentiation capacity as they can turn into outer and inner root sheath, hair shaft, 

sebocytes and interfollicular epidermis. Though the exact mechanism of stem cells' 

exit from their compartment is vaguely known, key components were identified as 

NF -KB, Wnt/~-catenin, Sonic hedgehog/Patched, p63, 14-3-3cr, a-catenin and 

B 1 integrin. 

Allen and Patten, in 197 4, described about the arrangement of epidermal stem 

cells and other cells in the murine epidermis as the epidermal proliferation unit (EPU). 

According to them, EPU contains 10 to 11 basal cells at the base of epidermis with a 
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central dendritic Langerhans cell. Upon the basal cells three differentiating cells are 

present, which are covered by 4-6 layers of roughly hexagonal cornified 

keratinocytes, i.e., squames, which form the stratum corneum. The basal cells 

replenish the cells in upper layer which are removed continuously by desquamation. 

The Langerhans cell in the middle of the EPU was found to be of no desmosomes but 

tightly held at bottom and top of the cell, by the tonofibrils of surrounding 

keratinocytes. [Allen & Potten. 197 4] 

The percentage of basal cells that proliferate at one time represents the growth 

fraction and the time taken for a basal cell to migrate through the layers and reach the 

upper most layer is considered as the epidermal turnover time or the transit time. In 

mouse the growth fraction of epidermis is nearly 60 % and the transit time in healthy 

human skin is found to be 52 to 75 days. Initial colony formation is not dependent on 

multiplication, as keratinocytes appear to reassociate to colonies of four to six cells 

before replication, which occurs after 24 to 48 h. [McGrath et al. 2004]. 

1.2 Review of literature 

1.2.1 Skin Damage 

Skin, being the outermost covering of the body, it is the primary organ to 

receive the impact of a wound or damage caused by physical, chemical and biological 

factors. Epidermal loss or damage the first step in many wounds. Some of the skin 

damage conditions are discussed hereunder. 

1.2.1.1 Physical Damage 

Damage to skin via physical means include factors like, friction, shearing 

forces, pressure, cuts, burns due to elevated temperature, radiations, etc. leading to 

erythema (redness), bleeding or burns. It is mostly associated with pain. In case of 

·burns, the degree of damage can be of three levels, namely, first degree, second 

degree and third degree, based on the extent of the damage to the structure and 

function of the skin. 

Harmful radiations in the sunlight, side reactions of cancer radiotherapy, 

accidental exposure to harmful radiations in laboratories, are some of the major 
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causes of skin damage due to radiations. They may be characterized with erythema, 

bleeding vessels, burns, ulceration, skin cancer, etc. Of the various electromagnetic 

radiations, the UV radiation (UVR) is the major cause of skin damage, which can lead 

to skin cancer. [WOC Nursing Department 1987] 

1.2.1.2 Chemical Damage 

Many chemicals like sodium hydroxide (NaOH). etc. are known to be 

corrosive, and most of the chemical damage to skin is due to the improper and 

inadequate personal protection. 

1.2.1.3 Biological Damage 

Biological damage can be caused due to bacterial infections like folliculitis 

due to Staphylococcus aureus or due to fungus like Candida/yeast that cause fungal 

rash, etc. Certain pathological conditions like keratinization of normal skin, scar 

formation, peristomal hernia also cause damage to skin. High sensitivity of skin to 

allergens cause rashes and bleeding at advanced level. [WOC Nursing Department 

1987]. Genetic conditions like giant congenital melanocytic nevus, epideqnolysis 

bullosa, skin cancer, etc. also result in deformed skin and require treatment using 

advanced therapies [Bottcher et al. 2010] 

Damage to epidermis or till the superficial layer of dermis can be treated in a 

simple manner and mostly heals naturally if the wounded site contain either epidermal 

keratinocyte stem cells or the stem cells in the hair follicle bulge and/or sweat glands. 

Complexity of treatment increases when the damage is deep into the dermis or till the 

hypodermis, where artificially such proliferating aids are to be given to the patient. In 

such conditions, the 'gold standard' treatment is split-thickness graft which is 

discussed in the coming section. [Bottcher et al. 201 0]. 
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1.2.2 Wound Healing 

Wound healing in skin is a complex process. It is often considered as arbitrary 

and overlapping. It is roughly of four steps as follows, 

1. Clot formation 

2. Cellular migration (keratinocytes, leucocytes, fibroblasts and endothelial 

cells). 

3. Synthesis and deposition of extracellular matrix (ECM) 

4. Maturation of dermis and epidermis. 

The four steps are highly coordinated with help of growth factors and ECM. 

Many cytokines, including TGF-~. EGF/TGF-a, bFGF, KGF, TNF-a and IL-l are 

involved in keratinocyte migration [Moulin 1995]. The ECM with its ability to bind 

growth factors restricts the target sites of the same up to some extent and movement 

of inflammatory and local resident cells. Keratinocytes undergo enhanced migration, 

proliferation and also differentiation to restore the normal epidermis. The 

differentiation is sometimes referred to as 'regenerative maturation' with respect to 

the differences found between the normal and wounded situations. [Mansbridge and 

Knapp. 1987]. 

Wound healing can be either improper or abnormal. Improper wound healing 

can be best exemplified with diabetic foot ulcer, which is a resultant of peripheral 

neuropathy, deformity and macrovascular disease [Pecoraro et al. 1990] alm;g with 

reduced resistance to infection, microcirculation changes, abnormal expression of 

growth factors and cytokines involved in wound healing [Nolan et al. 1978, Jude et al. 

1999]. 

In keloids, the example for abnormal wound healing, collagen and fibronectin 

synthesis are 20 times and 4 times higher than normal skin respectively [Rockwell et 

al. 1989, Oliver et al. 1992]. It is correlated to the overproduction of TGF-beta and 

higher expression of growth receptors for TGF-beta and PDGF (platelet derived 

growth factor)[Su et al. 1998 and Haisa et al. 1994] in keloid fibroblasts besides less 
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synthesis of matrix breaking molecules like MMPs and low rate of apoptosis in them 

[Niessen et al. 1999, Luo et al. 2001]. 

1.2.3 Conventional Treatment Methods 

The efficient treatment methods for the skin problems are far from reality. For 

minor damages, antibiotics, anti-inflammatory topical medicines are used where as for 

higher degree burns, etc. intravenous antibiotics, restoration of body's water balance, 

etc are practiced. Skin substitutes are used for higher degree of skin damage. 

1.2.3.1 Skin Substitutes 

Skin substitutes are a diversified group of aids which help in temporary or 

permanent closure of many types of wounds. They offer reconstructive solutions 

where other conventional methods of treatment are of less use or undesirable. They 

are proved to be better with respect to the less requirement of vascularized bed, 

increased dermal component of healed wound, removal of inhibitory compounds, 

provide rapid and safe coverage [Shores et al. 2007]. 

Characteristics of the ideal skin substitute are listed as follows, 

1. It should resist infection and should not possess antigenicity 

5. It should withstand wound hypoxia and provide permanent wound 

coverage 

2. It should provide long-term wound stability and be able to recreate dermal 

and epidermal components 

3. It should be flexible in thickness and resist shear forces 

4. It should be cost-efficient, easy to prepare, store and use and widely 

available. 
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Various kinds of non-tissue engineered skin substitutes are discussed in brief 

as follows. 

1.2.3.2 Xenografts 

Tissues of one species used on another species, as a temporary graft are called 

xenografts and were in wound coverage since 1500 BC [Haynes. 1987]. They are de

epithelialized (DED) and of various thickness. Their application is recommended for 

clean partial-thickness wounds and mainly for temporary coverage. New methods to 

improve their strength and resistance to infections have been developed by aldehyde 

cross-linking and impregnation with silver ions respectively. E.g. Permacol and 

OASIS [Shores et al. 2007]. 

1.2.3.3 Autografts 

Tissues taken from a donor site of a patient and grafted to a place of need on 

the same patient are called autografts. 

Split -thickness and full-thickness skin grafts are the present modes of 

treatment for skin damages extended into dermis or hypodermis. These methods 

present two main challenges, namely, source of the donor tissue and scarring. 

Autologous skin is considered for the treatment, which may not be possible at all 

conditions, especially with a patient whose damage level is greater than 50-60% of 

total body surface area (TBSA). 

Split -thickness grafts, the current 'gold standard' treatment, have complete 

epidermis and a part of the dermis, and are noted for the scarring effect they cause 

which is especially seen in children as hypertrophic scarring or a keloid formation. 

Scarring occurs due to the new arrangement of the collagen fibers formed during 

wound healing, which is quite different from the initial and the surrounding normal 

skin. On the other hand, the full-thickness grafts can ensure a little scarring compared 

to split-thickness grafts; such skin transfer can be only performed for injuries of <2% 

TBSA. These disadvantages led to the thoughts of developing an in vitro near normal 

autologous full-thickness skin analogue. To achieve them, three major questions are 

being encountered as follows. 
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1. What is the minimum level of differentiation to be achieved in an in vitro 

developed skin substitute, so that it provides the barrier function 

immediately or rapidly after transplantation? 

2. How to achieve sufficient and efficient vascularization as seen in the 

normal dermis of skin? 

3. Incomplete understanding about the regeneration and wound healing 

processes of skin. [Bottcher et al. 2010] 

1.2.3.4 Tissue Engineering of Skin 

Tissue engineering was defined by Dr. Langer and Vacanti as "an 

interdisciplinary field that applies the principles of engineering and life sciences 

toward the development of biological substitutes that restore, maintain, or improve 

tissue function or a whole organ". It involves both material and biological science to 

create a normal like tissue constructs, which help in restoring normal physiological 

condition. Skin tissue engineering deals with the principles of tissue engineering 

involved in finding solutions to the various problems related to skin that are not 

curable by conventional treatment methods. 

With the advent of skin tissue engineering, the way of dealing with skin 

damage, the development of treatment method has taken drastic changes and 

hereunder are the various treatments developed from skin tissue engineering. 

1.2.3.5 CellSpray 

Autologous keratinocytes grown in vitro are sprayed over the wound site for 

enhancing the wound repair process [Navaro et al. 2000 and Patrik et al. 2009]: 

1.2.3.6 Cultured Autologous Skin 

Cultured autologous skin or cultured epidermal autografts (CEAs) belong to 

autografts and are developed by culturing autologous keratinocytes with or without 

the aid of a material support. Epicel, Laserskin and cultured skin substitute are the 

three known CEAs. 
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Epicel is developed by coculturing autologous keratinocytes with murine 

keratinocytes into sheets for grafting [Wright et al. 1998]. Initially it requires a biopsy 

of 2-6 em from patient. It is recommended for deep partial- and full-thickness burns 

of TBSA greater than 30%. It is contraindicated for patients sensitive for vancomycin, 

amikacin and bovine protein products. The graft goes waste when patients are 

unstable for the procedure within 24-48 hours of grafting. Mechanical fragility and 

need of care with noncytotoxic antimicrobial agents were reported as major 

drawbacks [Shores et al. 2007]. 

Laserskin is made up by culturing autologous keratinocytes on laser 

perforated, 100% esterified hyaluronic acid membrane. It is used for diabetic wounds, 

venous ulcers and burn wounds [Shores et al. 2007]. 

Cultured Skin Substitute was the first product developed to resemble the 

anatomical skin and was developed at University of Cincinnati and Shriners Hospitals 

for Children, Cincinnati, Ohio. It is a CEA with cultured autologous dermal layer and 

represents the most advanced autologous skin substitute in theory. The dermal 

fragment is developed by seeding autologous fibroblasts on collagen and 

glycosaminoglycan materials [Harriger et al. 1995]. 

1.2.3.7 Allografts 

Grafts transplanted between genetically non-identical individuals of the same 

species are called allografts as stated by ]aimie T. Shores [Shores et a!. 2007] .. in case 

of humans, the allografts are mostly taken from cadavers. Allografts can be grouped 

into 3 main categories as follows. 

· 1.2.3.8 Epithelial/epidermal Allografts 

These are used for providing epidermal barrier and include amniotic 

membrane as a member. Human amniotic membrane can provide protection against 

water loss by its epithelium and provide dermal function with its fibronectin and 

collagen matrix. The major drawbacks include the difficulty in obtaining, preparing 

and storing the membrane and relative high potential to transmit infectious diseases 

[Colocho et al. 1960]. 
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1.2.3.9 Acellular Dermal Allografts 

These allografts provide dermal support and can be either in acellular (DED 

form). In case of acellular grafts, the grafts from cadaveric sources are cryopreserved, 

lyophilized and glycerolized to remove cellular, infectious and antigenic materials, 

resulting in a natural scaffold (acellular dermal structure) for the growth of host cells 

and aid in wound repair. After a successful ingrowth of host fibroblasts and . 
capillaries, the allograft is slowly replaced by host tissue. E.g. AlloDerm, Graft]acket 

and DemaMatrix. 

AlloDerm is a product of LifeCell, of Branchburg, N]. It is used for abdominal 

wall defects, soft tissue replacements. Its use is recommended also in urological and 

gynecologic surgeries. It requires no special storage conditions and can be stable for 2 

years. It is shown to produce less scarring in burns patients. Theoretically, 

transmission of infectious diseases is possible but no such cases have been reported in 

more than 1 million product uses. 

1.2.3.10 Cellular Dermal Allografts 

These allografts use fibroblasts from living donors and develop a regenerative 

structure in vitro with the help of scaffolds. E.g. Dermagraft, TransCyte and ICX

SKN. Dermagraft is developed by seeding neonatal fibroblasts onto a polyglactin 

scaffold. In theory, the fibroblasts secrete essential growth factors for keratinocytes, 

vascularization and produce suitable extracellular matrix for the host cells to develop 

and replace the graft material [Mansbridge et al. 1998]. It is indicated for chronic 

lesions like diabetic foot ulcers and contraindicated for patients with infected wounds, 

wounds that require surgical procedure and patients sensitive to bovine proteins. 

1.2.3.11 Composite Allografts 

These represent the most scientifically advanced products that are closest to 

normal anatomical skin, of the all currently available skin substitutes in the market. 

Apligraf and OrCel are the two products under this category. 

Apligraf is designed by Organogenesis, Inc, Canton, MA. Bovine type I 

collagen and living neonatal fibroblasts make the dermis part and a cornified neonatal 
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keratinocyte layer plays the role of epidermis [Trent & Kirsner 1998]. It is a ready to 

use product with a shelf life of 5 days. Its usage is observed much in treating diabetic 

and venous ulcers and also in epidermolysis bullosa (EB) [Fivenson et al. 2003]. 

1.2.4 Synthetic Skin Substitutes 

Apart from tissue engineering, for wound dressing and primary care, 

treatment, etc. synthetic skin substitutes were designed. They are as follows. 

1.2.4.1 Synthetic Monolayer Substitute 

These are purely synthetic polymer based substances intended for coverage of 

graft donor sites, burns and decrease the pain scores. Suprathel was first of such 

product and is composed of DL-Lactide (> 70%), trimethelcarbonate and a

caprolactone. It is found to decrease the pain scores significantly along with the cost 

of treatment compared to other products like ]elonet, etc [Uhlig et al. 2007]. 

1.2.4.2 Synthetic Bilayer Substitute 

These are the acellular synthetic products intended for providing ·dermal 

support, repair or create a neodermis. They provide epithelial barrier function and 

protect against the water loss by their removable silicone layer. Biobrane and Integra 

are the extensively used products of this category. 

Biobrane is developed by UDL laboratories, Inc, Rockford. The nylon mesh 

coated with peptides derived from porcine type I collagen acts as a dermal analogue 

whereas the thin semipermeable silicone layer acts as epidermal analogue. The 

product has some minute pores to allow the exudates to escape. The silicone layer is 

permeable for topical antibiotics. "The wound heals as host fibroblasts and capillaries 

invade the wound and repair the dermal defect, allowing re-epithelialization by wound 

margin and adnexal keratinocytes. As skin regeneration takes place, Biobrane 

separates from the wound, allowing easy removal", says Banes, who designed the . 
product [Banes et al. 1986]. Biobrane is contraindicated for any procedure involving 

chemicals or petroleum-based products and to be used for clean superficial partial

thickness burns and temporary coverage of freshly excised deep partial- or full

thickness wounds. 
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The commercially available skin substitutes of today, can be categorizeg into 3 

groups based on the complexity of layers and cell types involved. 

1.2.4.3 Cellular Epidermal Replacements 

They are cultured epidermal autografts from autologous keratinocytes grown 

in presence of murine fibroblasts or from outer root sheet hair follicle cells. E.g. 

Epicel, Epidex and Myskin. Some products include cell suspension of autologous 

epidermal cells as seen in the product, ReCell. 

1.2.4.4 Engineered Dermal Substitute 

As the name suggests, it was designed to give support to the damaged skin at 

the dermis level. AlloDerm ® is such a product developed by LifeCell Corp. from a 

human dermis allograft by decellularization. Dermagraft ® is a bioabsorbable 

polyglactin mesh scaffold seeded with human allogeneic neonatal fibroblasts. 'Integra 

and Matriderm are some more examples. 

1.2.4.5 Engineered Derma-Epidermal Substitutes 

It is developed to simulate the normal skin as much as possible to provide 

better treatment. Apligraf and OrCel are two successful products of this category. 

Apligraf has dermal substitute made of bovine type 1 collagen containing human 

allogenic neonatal fibroblasts that support the human allogenic neonatal keratinocytes. 

OrCel contains a bovine collagen sponge that has two sides, the porous and 

nonporous. The non-porous side is coated with a gel and seeded with human allogenic 

neonatal keratinocytes, so the latter acts as a epidermis and the former as dermis. 

Demerits of current skin tissue engineering products: 

Inspite of the vast research and technological advancement, the present skin tissue 

engineering products are facing many demerits. Important of them are as follows: 

1. Failure in converting many clinically successful grafts into commerical 

products. [Sheila MacNeil 2007]. 
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2. Loss of ECM in CEAs during retrieval resulting in poor adhesion to the 

wound site [Takeda A et al. 1999]. Temporary loss of a6~4-Integrins 

essential for cellular adhesion was shown in dispase treated cell sheet · 

[Bannasch H et al., 2003] 

3. Contraction of skin grafts and hypopigmentation at the transplantation site 

[Swope VB et al. 2006]. 

4. Requirement of long duration for the in-vitro development of grafts from 

biopsy. 

1.2.5 Culture ofKeratinocytes 

The separation of epidermis and dermis from an intact skin tissue in 1950 is 

considered as the first milestone in skin research, followed by the first establishment 

of in vitro culture of keratinocytes from human biopsies by Karasek M. in 1966 

[Billingham & Medawar 1950 and Karasek 1966]. Rheinwald and Green, grown 

human primary epidermal cells in serial culture using irradiated 3T3 murine 

fibroblasts [Rheinwald & Green 1975]. Boyce and Ham in 1983 cultured 

keratinocytes with serum-free, medium with low concentration of calcium and 

excluded the feeder layers [Boyce & Ham 1983]. Hager et al., in 1999, described the 

method of murine epidermal keratinocyte cultivation using rodent fibroblast 

conditioned medium. Adult mouse keratinocyte subcultures were established without 

using fetal bovine serum (FBS) feeder layers, fibroblast conditioned medium (FCM) 

or bovine pituitary extract [Yano & Okochi 2005]. 

The cultivation of keratinocytes with feeder layer and serum-free medium has 

their own advantages and disadvantages. Feeder layers and serum usage have high 

risk of culture contamination with undesired cells, and outnumbering the desired cell 

type where as this condition is almost prevented in serum-free condition but serum

free cultures show very less replication [Krueger et al. 1994]. Cultures supported by 

serum and feeder layers have shown higher resistance to apoptosis, but keratinocyte 

stem cell characteristics are well preserved in serum-free media [Lorenz et al. 2009]. 
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Keratinocytes proliferate in low calcium (0.15 mM CaClz) and differentiate in 

high-calcium medium and hence it is very important to avoid long-term exposure to 

high calcium levels [Daniels et al. 1995]. Keratinocytes require more care in the 

aspects of avoiding apoptosis in low density cultures and in differentiation and 

senescence during growth towards confluence. Cultivation of rodent epidermal 

keratinocytes is difficult, time consuming, complex and lacks good reproducibility in 

culture isolation, but the genetically modified mouse is a valuable preclinical tool for 

understanding genetic disorders related to skin and to study its pathology. 

Cell sheet engineering is a developing branch of tissue engineering. 

The principle of the technology is simple that decrease in temperature of the polymer 

coated surface below the lower critical solution temperature (LCST) of the polymer 

results in rise of the hydrophilicity of the surface enabling the cells grown on it to 

retrieve as a single layer of cells, called the cell sheet (Kobayashi] & Okano T 2010). 

Cell sheet technology is paving way for the in vitro construction of 

scaffold free tissue implants. Stacking of cell sheets one upon other at the right 

time showed many possibilities to study critical physiological phenomena and 

also laid a better way to construct more native-like tissues in vitro [Sasagawa T 

et al. 2010, Sekiya S et al. 2006, Shimizu T et al. 2006]. Multilayered keratinocyte 

sheet was constructed and retrieved from NIPAAm grafted culture surfaces using 

PVDF membrane as a carrier tool and was showed to preserve desmosomes, laminin 5 

and E-cadherin compared to that of cell sheet retrieved using dispase [Yamato et al. 

2001]. Formation of microvasculature was studied by tri-layered cardiomyocyte sheet. 

The migration of graft vasculature in the process of connecting with host vasculature 

was also observed [Sekiya S et al. 2006]. Apical basal cell polarity was proven to be 

preserved in cell sheets retrieved from NIP AAm grafted culture surfaces [Kushida A 

et al. 2005, Okubo et al. 2006]. Corneal haze associated with post-operative epithelial 

hyperplasia and ECM accumulation, which are the after effects of photorefractive 

keratectomy (PRK), were shown be decreased to a greater extent by corneal cell sheet 

transplantation immediately after laser ablation [Hayashida Yet al. 2006]. 
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Cell sheets were developed from various cell lines such as HOS, L-929, NRK-

49F and SIRC on culture surface with NIPAAm grafted by gamma radiations [Kumar 

APR et al. 2007]. Co~polymer of N-isopropylacrylamide and diethyleneglycol 

methacrylate (poly(NIPAAm-co-DEGMA)) was studied as a carrier tool for the 

transfer of human umbilical vein endothelial cells (HUVEC) [Nitschke K1 et al. 

2007]. HUVEC cell sheet was retrieved also by using copolymer of PIP AAm and 

N-tertbutylacrylamide ( NtBAm) with a ratio of 85 : 15 [Moran MT et al. 2007]. 

Gotze et al. reported the construction of cornea epithelial cell sheets under 

serum-free conditions by using a copolymer of N-isopropylacrylamide (NIPAAm) 

and diethyleneglycolmethacrylate (DEGMA) with a phase transition temperature 

about 32°C [Gotze T et al. 2008]. Aligned vasuclar smooth muscle cell sheets were 

· developed from NIP AAm coated culture surface with fibronectin printed in patterns 

in order to meet the demands of direct surgical transplantation [Williams C et al. 

2009]. Sandwiching HUVEC cell sheets with cell sheets of human skeletal myoblast 

cell construct helped in better understanding of microvasculature [Sasagawa T et al. 

201 0]. Poly(N -isopropylacrylamide-co-acrylic acid) [P (NIPAAm-co-AAc)] was 

tested for its thermal responsive nature using fibroblast cell cultures. The LCST 

·of the copolymer was found to be - 34°C and competent with the commercially 

available PIPAAm coated cell culture plates [Lee EL & Recum HA 2010]. 

Nithya ] et al. reported a copolymer of poly(N-isopropylacrylamide) and 

glycidylmethacrylate ( NGMA) and was found to be non-cytotoxic and supporting 

cell proliferation preferably on rough surface conditions [Nithya J et al. 2010]. 

Intact cell sheet of rat aortic smooth muscle cells was retrieved using photo 

polymerized NIPAAm [Mukundan LM et al. 2011]. Rabbit corneal epithelial cell 

sheet was constructed and retrieved from NGMA coated surface. Alkali modified 

OHPS sheet was hand coated with NGMA and used as culture surface [Nithya] et al 

2011]. 
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1.3 The research hypodissertation 

Main shortcoming of cell sheet technology in handling and transfer of large 

tissue construct as required in skin tissue engineering can be addressed by using 

thermoresponsive tool. The PET modified with NGMA will serve as a 

thermoresponsive culture surface, for efficient retrieval of skin tissue construct 

developed from keratinocytes. 

1.4 Research objectives 

1. Development of thermoresponsive modified culture surface based on PET. 

2. Development of in vitro keratinocyte tissue construct. 

3. Characterization of epidermal construct 

4. Isolation, culture and characterization of adult murine keratinocytes. 
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Chapter II 

MATERIALS AND METHODS 

One of the promising approaches in tissue engineering is cell sheet technology 

where cultured cells are harvested as intact cell sheets using temperature-responsive 

culture surface. Mostly the thermoresponsive element, poly(N-isopropylacrylamide) 

(PIPAAm), is grafted on to tissue culture dishes to culture and retrieve cells non

invasively without applying proteolytic enzymes. However, certain applications need 

a support or transfer tool as the size of the retrieved cell sheet goes larger. In the 

present work, commercially available polyethylene terephthalate (PET) based over 

head projection sheet (OHPS) was chosen as the base material for developing the 

flexible stimuli responsive culture surface and analyzed its potential to create cell 

sheet from cultured skin epidermal keratinocytes. 

2.1 Alkali modification of Over Head Projection Sheet 

The OHPS was modified using alkali (NaOH) to impart flexibility and 

hydrophilicity to its surface and make it suitable for cell culture. 

2.1.1 Materials 

Glass vessel, magnetic stirrer, magnetic bead, teflon strip (17 em x 1 em), 

OHPS sheet (Desmat, Century®), adhesive (cello) tape, 4M NaOH aq. solution, 

methanol-water mix (1: 1 v/v), 1 N HCl, deionized water (Milli Q water > 16 M Q.cm), 

forceps, polythene cover, sonicator, distilled water. 

2.1.2 Method 

1. Commercially available OHPS having 16x 16 em size was imme,rsed in 

methanol-water mix (1: 1 ratio) for 1 hat room temperature. 

2. The sheets were washed with deionized water and air dried. 

3. The sheets were treated with 4M NaOH which was preheated to 60-65°C. 
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4. A magnetic stirrer bar modified with Teflon sheet was placed over the 

OHPS sheet was immersed in alkali. The magnetic bar attached to a teflon . 
strip using cello tape provides a sweeping effect over the surface of OHPS 

sheet and to ensure proper movement of solution over the sheet. 

5. Excessive evaporation of NaOH solution was prevented by covering the 

container with glass plate. 

6. The treatment was continued for 4 ...:. 5 h at 60-65°C. The sheet was 

overturned every 1 h and the modified OHPS was checked for pliability 

and flexibility. 

7. Modified OHPS (OHPS-M) were rinsed with deionized water and treated 

with 1N HCl for 5 minutes to neutralize alkali .. 

8. Sheets were washed several times with deionized water and then with 

methanol-water mix. 

9. The sheets were further cleaned by sonication (twice, at 45 kHz for 10 min 

each in distilled water). 

2.2 Coating thermoresponsive polymer on OHPS-M 

The modified OHPS sheet was coated with poly(N-isopropylacrylamide)-co

glycidyl methacryrale (NGMA) polymer to impart thermoresponsives. The coating 

was applied in two ways viz hand coating and spin coating. Hereafter the OHPS-M 

modified by hand coating method and spin coating method will be denoted as 

OHPS-MhC and OHPS-MsC 

2.2.1 NGMA coating on OHPS-M by hand coating (OHPS-MhC) 

2.2.1.1 Materials 

NGMA thermoresponsive polymer solution, unmodified OHPS sheet, 

micropipette (1000 ~-tL capacity) and its tips, alkali modified OHPS sheets 

(10 em x 8 em), Milli Q water(> 16.0 MQ), hot air oven, forceps, a glass or a thermal 

resistant plastic vessel, gloves and face mask. 
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2.2.1.2 Method 

1. Unmodified commercially available OHPS sheet was cleaned with 

distilled water and air dried. 

2. Nearly 500-700 11L of NGMA polymer solution or more if necessary was 

dispensed on to the dry OHPS sheet. 

3. The modified OHPS sheet was gently placed over the solution to· spread 

the polymer, avoiding air bubbles and allowed to stand for 1 min. 

4. The sheets were gently removed with forceps and air dried in hot air oven 

at 60°C overnight. 

5. The coated sheets were washed with ice cold Milli Q water and air dried. 

6. Dried sheets were cut into pieces of around 2x2 cm2 and pasted onto 

35mm TCPS plate using silicone glue. Each plate can accommodate two 

OHPS-MC pieces. 

7. The TCPS plates were packed in Sterimed paper for ethylene trioxide 

(ETO) sterilization. 

2.2.2 NGMA coating on OHPS-M by hand coating - Spin <;oating 

(OHPS-MsC) 

Spin coating is the application of fluids as thin films on a substrate that 

requires a facility to apply liquid on it and spin at high speed. Here a custom made 

spin coater was designed to apply NGMA as thin film on OHPS-M. 

2.2.2.1 Materials 

Alkali modified OHPS sheet (OHPS-M), hot air oven, forceps, a glass or a 

thermal resistant plastic vessel, gloves and face mask, spin coating adapter, Milli Q 

water (> 16.0 MQ), custom made spin coater, micropipette (200 IlL capacity) and 

pipette tips. 
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2.2.2.2 Method 

1. Alkali modified OHPS sheets were cut in circular shape having diameter 

3.5 em were placed in the spin coating adapter and fixed in position using 

a polystyrene ring as support. 

2. The adapter was closed firmly and - 60 j.tL of NGMA polymer Solution 

was dispensed on to the sheet using micropipette and was span at 1500 

rpm for - 10 seconds. 

3. The sheet was checked for streaks that result from inadequate polymer 

solution and dried at oven overnight at 60°C. 

4. After the incubation the sheets were gently washed in ice cold Milli Q 

water and air dried. 

5. The sheets were cut into pieces of 2x2 cm2 and fixed inside 35 mm TCPS 

culture dish using silicone glue. Maximum two sheets were fixed in each 

35 mm dish. 

6. The TCPS plates were packed in Sterimed paper and sterilized by ethylene 

trioxide (ETO) method. 

2.3 Characterization of Modified and Coated OHPS Sheet (OHPS

MC) 

2.3.1 Thickness measurement 

The thickness of the OHPS sheet was measured using a digital vernier caliper 

before and after the alkali modification to analyze the extent of surface modification 

on the thickness of the sheet. 

2.3.2 Fourier Transform Infra Red (FTIR) Spectroscopic Analysis 

The OHPS-MC sheets, developed by both spin coating and hand coating were 

analyzed in a Fourier transform infrared (FT-IR) spectrophotometer equipped yvith an 

attenuated total reflection (ATR) sample holder. (to detect the NGMA polymer. The 

spectrum was obtained at room temperature (- 23°C) using Nicolet 5700 FTIR 
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spectrometer and the spectra were analyzed using Omnic Version 7.0 software. The 

uncoated OHPS-M was used as control. 

2.3.3 Water Contact Angle analysis 

The OHPS, OHPS-M, OHPS-MhC and OHPS-MsC was analyzed by 

measuring water contact angle to know the difference in the hydrophilicity. Water 

contact analysis was done at using Contact Angle System OCA (Data Physics with 

OCA-20 software). The values for OHPS and OHPS-M were compared to confirm the 

modification by alkali treatment. The two methods of coating OHPS-M was 

compared by obtaining contact angle measurement at two different temperatures such 

as 22-25 oc and 37-40 °C. 

2.4 Development of in vitro Skin (epidermal) Keratinocyte 

Construct 

Keratinocytes account for majority of the skin epidermis both in structure and 

function. Hence they were given primary importance in developing an in vitro skin 

tissue construct and experiments were conducted to achieve the same using human 

keratinocyte (HaCat) cell line obtained from National Centre for Cell Science 

(NCCS), Pune and the flexible thermoresponsive culture surface (OHPS-MC) 

developed as described before. 

2.4.1 Culture of HaCat on OHPS-MC 

The HaCat cells grown in T-25 flasks upto 80% confluence was trypsinized 

and 3.6 x105 cells were seeded on OHPS-MhC and OHPS-MsC fixed in 35 mm 

petridish. Since the modified OHPS sheets were not optically clear the cell growth 

was monitoried in a parallel run TCPS dish seeded with same number of cells. Cells 

were maintained in MEM with 5 % Fetal Bovine Serum (FBS) and penicillin

streptomycin antibiotic (lx of stock solution from PAA, Germany) with medium 

change on every second day. 
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2.4.2 Viability of cells on OHPS-MhC and OHPS-MsC 

When the control cells on TCPS reached confluency, the cells cultured on 

· OHPS-MC sheets were stopped and analyzed for cell growth by Fluorescein Diacetate 

(FDA) staining. The medium was discarded and culture was rinsed with PBS. FDA 

solution (10 1-lg/mL) in serum free medium was added to culture and incubated for 5 

minutes in C02 incubator, the FDA containing medium was replaced with PBS and 

observed under fluorescence microscope (Leica DMI 6000M) equipped with filters 

for fluorescein (I3) . 

2.5 Fabrication of HaCat Cell Sheet 

Keratinocyte cell sheet was fabricated using HaCat cell line cultured on both 

OHPS-MhC and OHPS-MsC. The cells were transferred to fresh TCPS ~ish by 

different methods. Retireval of cell sheet construct was attempted from OHPS-MsC. 

2.5.1 Cell Sheet Retrieval Method-1 (Three Step Method) 

The cell seeded OHPS-MC transferred to fresh TCPS dish was incubated at 

4°C for 5 min followed by room temperature for 5 min and at 37°C for 30 min. Excess 

culture medium was added till the OHPS-MhC started floating. The PET was 

removed and the transferred cells were observed under inverted phase contrast 

microscope. The cells were further incubated for 24 hat 37°C and 5% C02 for further 

analysis. 

2.5.2 Cell Sheet Retrieval Method-2 (One Step Method) 

The cell seeded OHPS-MC transferred to fresh TCPS dish and incubated at 

4°C for 5 min. To ensure the proper cell adhesion and to avoid cell sheet readhesion 

to OHPS-MhC, the 37°C incubation was omitted. Excess culture medium was added 

till the OHPS-MhC started floating. The PET was removed and the transferred cells 

was observed under inverted phase contrast microscope. The transferred cell sheet 

was incubated for 24 h at 37°C and 5% C02 for further analysis. 
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2.5.3 Cell Sheet Retrieval Method-3 (Two Step Method) 

To provide immediate and uniform temperature to the OHPS-MC, the sheet 

was placed in cold PBS with cells facing up for 5 min and then placed on normal 

TCPS plate with cells facing down. To ensure the proper alignment of the cell seeded 

OHPS-MhC on fresh TCPS to increase the efficiency of cell sheet transfer a custom 

made cell sheet stamping tool was used. Stamping tool was placed on OHPS-MhC 

and allowed the cell sheet to adhere on TCPS by incubating at room temperature for 

15 min. The culture medium was added in excess till the OHPS-MsC floated and the 

transferred cell sheet was observed under inverted phase contrast microscope. 

Table 1 Quick view of different fabrication techniques 

S.No. Substrate of Transferred Low temperature Room Cell 
cell sheet surface treatment(4°C) temperature transfer 

treatment mode 
(23-25°C) (37°C) 

1 OHPS-MhC TCPS Refrigeration for 5 min(- ST) 30 min (-
5 min. (- ST) ST) 

2 OHPS-MhC TCPS Refrigeration for - -

5 min(- ST) 
3 OHPS-MhC TCPS Cold PBS for 5 15-20 min -

min (- ST) (+ ST) 
4 OHPS-MhC TCPS Refrigeration for 15-20 min -

5 min(+ ST) (+ ST) 
5 OHPS-MhC Scrape Refrigeration for - -

Method 5 min 

Note: 'ST' refers to stamping tool.'+' means 'the presence of' and'-' means 

'the absence of'. 

2.5.4 Cell Sheet Retrieval Method-4 (Two Step Method) 

The variability in the temperature of cold PBS during incubation at room 

temperature was addressed by the initial continuous cold treatment. The HaCat seeded 

OHPS-MC transferred to fresh TCPS dish and the stamping tool was placed on it. 

Cells were incubated at 4°C for 5 min and at room temperature for 15 min. The 

stamping tool was removed and excess medium was added to float the OHPS-MhC 

sheet. The transferred cells were observed under inverted phase contrast microscope 

and incubated for 24 h at 3rC and 5% C02 for further analysis .. 
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· 2.5.5 Cell Sheet Retrieval Method-5 (Scrape Method) 

To analyze the effect of mechanical force on retrieval of cell sheet, the cells 

were retrieved as construct instead of culturing back to TCPS. 

The HaCat cultured OHPS-MsC was transferred to another 35mm petri dish and 

added few drops of serum free culture medium. Cells were incubated at 4°C for 5 min 

and used for cell sheet retrieval immediately. The confluent cells from OHPS-MsC 

were scraped off using a strip of OHPS. Extreme care was taken to ensure a single 

continuous movement to avoid breakage of retrieved cell sheet. The sheet wqs fixed 

in 10% buffered formalin for further analysis. 

2.6 Characterization of HaCat Cell Sheet 

The the transferred HaCat cell patches and retrieved cell sheet constructs were 

subjected to the following analysis. 

2.6.1 Live-Dead Staining 

The HaCat cell sheet transferred to TCPS was incubated for 24 h in a C02 

incubator to allow cells to adhere. Cells were treated with 10 !1-g/ml FDA in serum 

free medium and incubated for 4 min. To the medium 1 !!1 PI (5 mg/ml stock) was 

added and further incubated for 1 min. The cells were observed under fluorescence 

microscope (Leica DMI 6000M, Germany) equipped with filters for Fluoresc~ne (I3) 

and PI (N2.1) .The retrieved cell sheet construct was also subjected to similar staining 

using FDA and PI. 

2.6.2 Growth of Cell Patches 

The HaCat cell sheet transferred to TCPS was incubated with MEM with 5% 

FBS inside a COz incubator for 14 days with medium change on every 2 days. Cells 

were treated 1 m1 of 10 !!g/m1 FDA in serum free medium and incubated for 4 min 

and was topped up with 1 !!1 PI (5 mg/ml stock) and further incubated for 1 min. 
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2.6.3 Evaluation of Epithelial Characteristics of Keratinocyte Cell Sheet 

Construct 

2.6.3.1 Materials 

HaCat cell sheet, PBS, 0.1% triton X-100 in PBS, primary antibody (Anti-Z0-

1. rabbit monoclonal antibody to Zona Occludence-1), secondary antibody (Anti 

rabbit IgG - TRITC; Sigma-Aldrich), counter stain (Hoescht working solution), 

35mm petri dish, forceps, parafilm, 1% BSA. cover slip, gloves. 

2.6.3.2 Method 

1. The HaCat cell sheet construct fixed in buffered formalin was carefully 

handled throughout the staining process. 

2. The formalin solution was discarded by tilting the plate to one side and 

removing the formalin from the other side. 

3. The cell sheet construct was rinsed twice with PBS each wash lasting for 5 

min. 

4. Cells were permeabilized with 0.1% triton X-100 for 5 min. 

5. Cells sheet construct was rinsed with PBS three times, each wash lasting 

for 5 min. 

6. Non-specific binding sites were blocked by incubating with freshly 

prepared 1% BSA in PBS for 10 min. 

7. The BSA was removed and primary antibody (Anti-Z0-1.' rabbit 

polyclonal antibody to Zona Occludence-1 in 1:100 dilution with PBS)was 

added and incubated at room temperature for 1 hour in a humidified 

chamber. 

8. The primary antibody was removed avoiding damage to and the cell sheet 

construct was Rinsed with PBS three times, each wash lasting for 5 min. 

9. The secondary antibody (Anti rabbit IgG - TRITC at 1:100 dilution with 

PBS) was added and incubated at room temperature for 1 h in a humidified 

chamber away from direct light. 
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10. The secondary antibody was removed and cell sheet construct was washed 

with PBS three times as above. 

11. Cell sheet was counterstained with Hoescht working solution (0.5 jlg/ml in 

Hanks Balanced Salt Solution) for 30 sec at room temperature in dark. 

12. Cell sheet construct was rinsed with PBS and mounted on dust free thin 

microscopic glass slide and observed under fluorescence microscope using 

filters for Rhodamine (N2.1) and Hoechst (A). 

2.6.4 Surface Morphology 

The surface morphology of the cell sheet construct was observed at high 

magnification under an Environmental Scanning Electron Microscope. The cell sheet 

construct fixed in buffered formalin was transferred to freshly prepared 2.5% 

glutaraldehyde in Sorensens' buffer and incubated at 2-8°C for overnight. The cell 

'sheet construct was directly observed under E-SEM (FEI Quanta 200). 

2.6.5 Collection of Murine Dorsal Skin 

2.6.5.1 Materials 

Liquid nitrogen, isopentane, themocole box, steel vessel (small), long forceps, 

surgical scissors, small forceps, and scalpel blade. 

2.6.52 Method 

The dorsal skin of a (Balb/C) mouse cadaver was trimmed off the hair and was 

excised using the surgical instruments. The tissue was snap-freezed in semi-frozen 

isopentane, wrapped immediately in an aluminum foil and stored at -85°C till usage. 

2.6.6 Cryosectioning of Murine Dorsal Skin 

2.6.6.1 Materials 

Liquid nitrogen, isopentane, fine ended forceps, cryostat machine (Leica CM 

3050 S), aluminum foil, Jung OCT tissue freezing medium, Poly L-lysine coated glass 

slides, brushes. 

33 



2. 6. 6.2 Method 

The frozen sample was thawed to room temperature and snap-freezed in 

isopentane - liquid nitrogen as described earlier and mounted on to the stage in the 

appropriate orientation using Jung tissue freezing medium and frozen to -20°C in the 

cryostat machine. 

The stage was fixed to the machine and the block was trimmed to get an even 

surface and sections were obtained on the poly L-lysine coated glass slides and were 

examined under bright field microscope for desirable sections. 

The slides with good sections were air dried and preserved at -85°C until used 

for immunostaining. 

2. 7 Collagen coating on culture plates 

2.7.1 Materials 

35 mm tissue culture polystyrene plates (Nunc), type I collagen solution 

(PureCol), type IV collagen solution (BD biosciences), mixture of type I and IV 

collagen working solutions in 1: 1 ratio. 

2.7.2 Method 

Around 1 ml collagen working solution (See Appendix) (either type I or 

mixture of type I and IV) was dispensed evenly on to the culture dishes avoiding air 

bubble formation. The excess solution was aspirated back and the coated plates were 

incubated at 37°C for minimum 4-5 hours or till used for cell culture. 

2.8 Isolation of primary murine epidermal keratinocytes 

To develop an jn vjtro skin tissue construct, mouse was selected as the source 

of keratinocyte owing to factors like availability and time period. Dorsal sl<in was 

collected from mouse cadaver and processed as described below to obtain 

keratinocytes. 
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2.8.1 Tissue Excision from Mouse Cadaver 

2.8.1.1 Materials 

Mouse cadaver (Balb/C), hair clipper, Sterile cotton, sterile scalpel blade (size 

20) and scalpel holder (number 4), sterile surgical scissors, sterile toothed forceps, 

sterile gloves, mask and head cap, sterile apron and sterile 0.01 % penicillin

streptomycin solution in PBS and sterile savlon aq. solution. 

2.8.1.2 Method 

1. The hair on the dorsal side of the mouse cadaver was removed as much as 

possible with a hair clipper. The clipped surface was wiped with cotton 

soaked in savlon solution. 

2. Remaining hair stubs were further removed by scalpel blade ensuring 

minimum damage to skin due to force or blade. 

3. The skin was held with a toothed forceps at the tail side and a small 

incision was made with surgical scissors. 

4. The skin was excised avoiding other underlying tissues. 

5. Excised tissue was transferred immediately to 0.01 % penicillin

streptomycin solution in a sterile container. 

6. The carcass was discarded properly and collected skin was transferred to 

tissue culture lab. 

2.8.2 Processing of Excised Skin Tissue 

2.8.2.1 Materials 

Sterile scalpels, sterile gloves, sterile scalpel blade holder, sterile toothed 

forceps, lOOmm petri plate, 10% betadiene, PBS, 0.01% Pencillin-Streptomycin 

solution. 

2.8.2.2 Method 

1. The excised skin tissue was transferred to 10% aquous. solution of 

betadiene at 4°C and shaken it for 2 min. 
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2. The skin was rinsed in 0.01 % penicillin-streptomycin solution for 1 

minute with gentle agitation. 

3. The tissue was transferred to a 100 mm petri dish with the dermis facing 

up (recognized by the presence of blood vessels and highly mucilaginous 

surface). 

4. The muscle and fat were removed with a scalpel blade, holding the tissue 

at one end with sterile blunt end forceps. 

5. The tissue was rinsed twice in PBS with gentle shaking. 

6. Cleaned skin was transferred to a petri dish and was cut into equal sizes of 

2x2 em. 

2.8.3 Isolation of Murine Keratinocytes using Double Enzyme Method 

2.8.3.1 Materials 

Sterile forceps (blunt and pointed), toothed forceps (sterile), sterile scalpel 

blade, sterile scalpel blade holder, sterile gloves, bio-safety cabinet, 60mm petri dish 

(sterile), collagen coated 35mm TCPS culture dish, centrifuge tube (15mL). cell 

strainer (100 r)/ nylon mesh, micropipette (200-1000rl & 10-100rl). sterile tips, 

PBS, minimal essential medium (MEM) with 2-5% FBS, trypsin-EDTA (0.25%), 

0.25% dispase, Defined Keratinocyte SFM +Growth Factors + cholera toxin, (Gibco, 

Invitrogen). 

2.8.3.2 Method 

1. Tissue pieces were transferred to different 60 mm dishes using forceps 

such that the epidermal side faced up. 

2. Around 1.5-2 mL of freshly prepared 0.25% dispase solution was added to 

each plate until the tissue piece started floating. 

3. Skin on dispase was incubated at 37°C for 1 hour inside a C02 incubator. 

4. The dispase was discarded and epidermis was scrapped off with a cell 

scraper. 
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5. Epidermis was transferred to a fresh 60 mm petri dish and rinsed gently 

with PBS twice to remove floating lipids on the surface. 

6. The epidermis was minced into pieces using scalpel blade. 

7. To the minced epidermis 2 mL of Trypsin-EDT A was added and incubated 

for 5 min. 

8. Tissue pieces in Trypsin was pipettedgently with cut-end 1000 pL tips to 

get small clumps (3-5 cells). 

9. The aggregates of hair follicles were removed with forceps. 

10. The suspension was passed through 80-100 ~1 nylon mesh and collected in 

a centrifuge tube. 

11. The filtrate was diluted nearly 4 times using PBS to minimize the effect of 

Trypsin on the isolated cells. 

12. The cells were pelleted by centrifuging at 500 ref for 8 min at room 

temperature. 

13. The pellet was resuspended in PBS and centrifuged again to remove lipids. 

14. The cells were resuspended in Defined Keratinocyte Serum Free Medium 

with growth factors and cholera toxin. The re-suspension was done gently 

using with wide mouthed cut-end tips to avoid the single cell suspe1:sion. 

15. The suspension was plated on collagen coated 35mm petri dishes and 

incubated at 37°C and 5% C02 and 95% relative humidity. 

16. The cell attachment was checked after 2 hours under inverted phase 

contrast microscope. 

17. Fresh culture medium was added after 24 hours and medium changed 

every alternate day. 
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2.9 Culture of Primary Murine Epidermal Keratinocytes 

Primary murine epidermal keratinocytes isolated as described in the before 

section, were cultured in different conditions to obtain attachment, spreading and 

proliferation of the cells. 

2.9.1 Culture in collagen type I coated petri dishes 

Keratinocytes were seeded in collagen type I (see annexure) coated 35 mm 

petri dishes and incubated at 37°C and 5% COz. DKSFM with growth factors and 

cholera toxin (see annexure) was used for culturing cells. Medium was changed after 

24 hours of seeding and then for every 2 days. 

2.9.2 Culture in collagen type I & IV coated petri dishes 

Collagen type IV solution (see annexure) was mixed with collagen type I 

solution in 1: 1 proportion and coated on 35 mm petri dishes as described in section 

2.8. Isolated primary murine keratinocytes were seeded and incubated at 37°C and 5% 

COz. DKSFM with growth factors and cholera toxin was used for culturing cells. 

Medium was changed after 24 hours of seeding and then for every 2 days. 

2.9.3 Culture on mesenchymal stem cells' ECM 

Confluent culture of mesenchymal stem cells in T -7 5 flask, derived from bone 

marrow of rat was trypsinized with minimum amount of Trypsin and the 

decellularized flask was donated by Mr. Anwar Azad, TIC laboratory, BMT wing 

SCTIMST. The flask was treated with mitomycin (4 )lg/mL) for 3 hours at 37°C and 

5% COz. The flask was thoroughly rinsed with PBS twice and placed in COz 

incubator till seeding of cells. Isolated primary murine epidermal keratinocytes 

(section 2.9) were seeded slowly in the T 75 flask with a sterile Pasteur pipette and 

incubated at 37°C and 5% COz for 24 hours. DKSFM with growth factors, cholera 

toxin and endothelial growth supplement from bovine pituitary extract (BPE) 

(50 ng/mL) was used for culture. Cells were observed under the inverted phase 

contrast microscope and a little medium was added. 
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2.9.4 Culture on Human keratinocytes (HaCat)' ECM 

Confluent culture of HaCat cell line in 60 mm petri dish was trypsinized and 

mytomycin treated as described in the before section and primary murine epidermal 

keratinocytes were seeded and incubated at 37°C and 5% C02 for 24 hours. DKSFM 

with growth factors, cholera toxin and endothelial growth supplement from bovine 

pituitary extract (BPE) was used for culture. 

2.10 Immunohistochemistry of Murine Dorsal Skin Cyosections 

2.10.1 Materials 

Desiccator, coupling jar, tissue paper , cold acetone, PBS, , 0.5 % Triton X-

100, 1% BSA, primary and secondary antibodies (Table 2), humidified chamber, 

Hoechst stain, fluorescence mounting medium, aluminum foil, fluorescence 

microscope. 

Table 2 Primary and secondary antibodies used for immnunohistochemistry 
of skin cryosections .and keratinocyte culture 

Primary Antibody Secondary Antibody 

Rabbit monoclonal cytokeratin - 1 Anti Rabbit IgG - TRITC (Sigma 
(Abeam) Aldrich) 

Mouse monoclonal to Cytokeratin - 14 Anti Mouse IgG - FITC (Sigma Aldrich) 
(Abeam) 

2.10.2 Method 

1. The cryosections of the skin were thawed to room temperature and fixed in 

cold acetone for 10 min in a couplingjar. 

2. Slides were washed twice with PBS in couplingjar for 10 min. 

3. Slides were blotted with tissue paper and incubated with 0.5 % triton X-

100 at room temperature for 1.5- 3.0 min. 

4. Sections were washed thrice with PBS. 
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5. The non-specific binding was blocked by incubating with 1% BSA: for 10 

min and excess of BSA solution was blotted. 

6. Primary antibody solution (1:100 dilution with PBS) was added to cover 

the sections and incubated at room temperature in humidified chamber for 

1 h or overnight at 4°C. 

7. The sections were washed thrice with PBS. 

8. Secondary antibody solution (1: 100 dilution with PBS) was added to cover 

the sections and incubated for 1 hour in humidified chamber at room 

temperature in dark. 

9. Sections were washed thrice with PBS. 

10. The cell nuclei were counter stained with Hoecsht stain for 30 seconds at 

room temperature and washed thrice with PBS. 

11. The slides were cover-slipped using fluorescent mounting medium and 

observed under microscope. 

2.11 Characterization of Primary Murine Epidermal Keratinocytes 

2.11.1 Immunocytochemistry of isolated primary keratinocytes 

2.11.1.1 Materials 

Microcentrifuge tubes (1.5-2.0 mL; Eppendorf), 4% Paraformaldehyde , PBS, 

0.1 %Triton X-100 , 1% bovine serum albumin (BSA) , parafilm, micropipettes (10 

j.!L, 200 j.!L, 1000 j.!L capacity) and tips, hoescht counter stain, primary and secondary 

antibodies (Table-2). 

2.11.1.2 Method 

1. Primary murine epidermal keratinocytes were isolated as described in 

section 2.8 and fixed in 4% paraformaldehyde and incubated for 1 h at 

room temperature. 

2. The fixed cell suspension was stored at 2-8°C till usage. 
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3. The cell suspension was centrifuged at 1700 rpm for 5 minutes at room 

temperature. 

4. The supernatant was removed and the pellet was resuspended in 500 11L of 

PBS. 

5. The cell suspension was centrifuged at 1700 rpm for 5 minutes at room 

temperature and the supernatant was removed. 

6. Steps 4 & 5 constitute a single PBS wash of the cells and was 

repeated once. 

7. The cells were permeabilized with 0.1% triton X-100 solution for 5 

minutes and centrifuged at 1700 rpm for 5 minutes at room temperature 

followed by two PBS washes. 

8. Non-specific binding sites were blocked by incubating cells with freshly 

prepared 1% BSA at room temperature for 10 min. 

9. BSA was removed by centrifugation and the pellet was resuspended in -

75 11L of primary antibody solution (1: 100 dilution with PBS) and 

incubated at room temperature for 45 min. 

10. Nearly 300 11L of PBS was added to the suspension and mixed gently by 

tapping. 

11. The cell suspension was centrifuged and the cells were washed in PBS, to 

remove unbound primary antibody. 

12. Around 75 11L of secondary antibody solution (1: 100 dilution with PBS) 

was added and incubated at room temperature for 45 min, wrapped 

completely with aluminum foil, away from light. 

13. Steps 10 & 11 were repeated to remove the unbound secondary antibody 

and finally the pellet was suspended in 100 11L of PBS. 

14. The cell suspension was tapped gently to make uniform and observed 

under fluorescent microscope (Leica DMI 6000). 
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2.11.2 Immunocytochemistry of primary murine keratinocyte culture 

2.11.2.1 A1ateria1s 

4% Paraformaldehyde, PBS, 0.1% Triton X-100, 1% bovine serum albumin 

(BSA) , parafilm, micropipettes (10 j..!L, 200 11L 1000 flL capacity) and tips, hoescht 

counter stain, primary and secondary antibodies (Table-2). 

2.11.2.2 A1ethod 

1. The culture medium was discarded and the cells were given a gentfe wash 

with PBS. 

2. Cells were fixed in 1-2 mL of - 4 % paraformaldehyde solution for 

minimum 1 hour at room temperature and then stored at 4oC until used. 

3. Paraformaldehyde was removed and the cells were rinsed with PBS, thrice, 

5 min each wash. 

4. Cells were permeabilized with 0.1 % Triton X-100 for 5 min at room 

temperature. 

5. Cells were rinsed with PBS 3 times, each wash lasting for 5 min. 

6. Non-specific binding sites were blocked by incubating with freshly 

prepared 1% BSA at room temperature for 10 min. 

7. BSA was removed and the primary antibody (1: 100 dilution with PBS) 

was added and incubated at room temperature for 1 hour in humidified 

chamber. To ensure proper coverage of antibody over the cells, a parafilm 

was placed on top. 

8. The primary antibody was removed and cells were washed with PBS three 

times, each wash lasting for 5 min. 

9. Fluorochrome tagged secondary antibody (1: 100 dilution with PBS) was 

added and incubated at room temperature for 1 h in humidified chamber 

away from direct light. 

10. The secondary antibody was removed and cells were washed with PBS 

three times, each wash lasting for 5 min. 
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11. Cells were counterstained with Hoescht for 30 sec at room temperature in 

dark. 

12. Cells were rinsed with PBS and observed under fluorescent microscope 

(Leica DMI 6000). 

2.11.3 Primary Keratinocyte Adhesion on OHPS-MsC 

2.11.3.1 Materials 

OHPS-MC, forceps, 35 mm TCPS dish, 2.5% glutaraldehyde solution, PBS, 

DKSFM complete medium, ethanol of various concentrations (30%, 50%, 70%, 90% 

and 100%), filter paper. 

2.11.3.2 Method 

1. The primary murine epidermal keratinocytes were isolated from dorsal 

skin ofBalb/C mouse cadaver as described in the section 2.9. 

2. The cells were seeded on the OHPS-MC and incubated for 24 h at 37°C 

and 5% C02. Additional medium was added gently along the sides and 

incubated for another 24 hat 37°C and 5% C02. 

3. The cells on the sheet were gently rinsed, twice with PBS and fixed in 

freshly prepared 2.5% glutaraldehyde solution and stored at 2-8°C 

overnight. 

4. The cells were rinsed, 5 times with PBS, with 5 min each wash. 

5. The cells were subjected to gradual and progressive dehydration in ethanol 

of various concentrations for different durations (Table 3) 

Table 3 Details of gradient alcohol dehydration of sample for SEM analysis. 

Ethanol Duration (min) No. of washes 
concentration 

30% 15 2 
50% 15 2 
70% 15 2 
90% 30 2 
100% 30 2 
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6. After dehydration, the sheet was wrapped loosely in filter paper and 

subjected to critical point drying (Hitaichi, HCP-2, Japan). 

7. The sheet was given gold coating by sputtering method (Hitaichi E-10 10 

ion sputter, Japan). 

8. After the coating, the sheet was observed in scanning electron microscope 

(Hitaichi S-2400). 
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ANNEXURE 

1 Defined Keratinocyte Serum Free Complete Medium (DKSFM) (Gibco, 
Invitrogen) 

DKSFM (Basal Medium) 500 mL 
Growth supplements 1 mL 

2 DKSFM complete medium with cholera toxin 

0.5 11L of Cholera toxin stock solution (10 5) was made up to 500 mL of 

DKSFM complete medium. 

3 DKSFM complete medium with cholera toxin and endothelial growth 
supplement from bovine pituitary extract 

500 11L of EGS from BPE working solution was made up to 500, mL of 

DKSFM complete medium with cholera toxin. 

4 MEM (Minimal Essential Medium) Stock {Sigma-Aldrich) 

9.6 gm of MEM powder was dissolved in 960 mL of sterile Milli Q water 

( > 16 M Q.cm). The medium was steam sterilized at 121°C, 15 psi for 15 

minutes. The sterile medium was stored at 2-8°C and under dark till use. 

5 MEM (Minimal Essential Medium) Serum Free medium (100 mL) 

MEM stock solution 
3 % (w/v) Glutamine aq. solution 
7.5% (w/v) Sodium bicarbonate aq. solution 
Penicillin-Streptomycin (1 00 X) (P AA, USA) 

6 MEM (Minimal Essential Medium) with 2 % FBS (100 mL) 

MEM serum free 
Fetal Bovine Serum (FBS) 

7 1M Phosphate Buffered Saline (PBS) 10 X 

NaCl 
KCl 
Na2HP04 
KH2P04 
Milli Q water 
pH 

8.0 g 
0.2 g 
1.15 g 
0.2 g 
100 mL 
7.0- 7.2 

95 mL 
1 mL 
2.93 mL 
1 mL 

98mL • 
2mL 
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The contents were dissolved in 75-80 mL of deionized water and adjusted 

pH to 7.2-7.4 using 0.1 N NaOH or 0.1 N HCl and make up to 100 mL with 

deionized water. The solution was autoclaved for sterilization. 

8 0.1 M Phosphate Buffered Saline (PBS) 1 X 

NaCl 
KCl 
Na2HP04 
KH2P04 
Milli Q water 
pH 

8.0 g 
0.2 g 
1.15 g 
0.2 g 
1000 mL 
7.0- 7.2 

The contents were dissolved in 800 mL of deionized water and adjusted 

pH to 7.2-7.4 using 0.1 N NaOH or 0.1 N HCl and make up to 1000 mL with 

deionized water. The solution was autoclaved for sterilization. 

9 0.01 % Penicillin-Streptomycin 1X (working solution) 

1 mL of 0.1 % stock solution of penicillin-streptomycin (PAA) was 

diluted to 100 mL using PBS and stored in freezer ( < 0°C). 

10 Trypsin-EDT A solution 

Commercially available Trypsin-EDTA (Gibco, Invitrogen) was used, 

without any dilution, for both primary murine keratinocyte isolation and 

passaging of human keratinocyte cell line. 

11 Paraformaldehyde solution (4% w/v) 

4.0 g of paraformaldehyde was dissolved in 100 mL of PBS using a 

magnetic stirrer and stored at - 20°C as 1 mL aliquots. The aliquots were thawed 

as per requirement and used. Once thawed aliquots were never re-freezed. 

12 Triton X-100 (0.1% v/v) solution 

0.1 mL of triton X-100 (Sigma-Aldrich) was added to 99.9 mL of PBS 

and mixed well. 

13 NaOH (4.0 N) aq. Solution 

80 g of NaOH was dissolved in 500 mL of distilled water. 
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14 NaOH (0.1 N) aq. Solution 

0.4 g of NaOH was dissolved in 100 mL of Milli Q water(> 16M Q.cm) 

and filter sterilized (if necessary) using PVDF membrane (pore size: 0.22 Jl). 

15 Bovine Serum Albumin (BSA) (1 % w/v) 

10 mg of BSA (Gibco, Invitrogen) was dissolved in 1 mL of PBS and 

stored at 4°C and always prepared freshly. 

16 0.1 N HCl 

1 mL of concentrated HCl was added to 99 mL of distilled water to make 

100 mL of 0.1 N HCl and filter sterilized if necessary. 

17 0.1 N NaOH 

Dissolved 400 mg of NaOH in 100 mL of distilled deionized water and 

filter sterilized if necessary. 

18 Sodium bicarbonate solution (7.5% w/v) 

7.5 g of sodium bicarbonate was dissolved in 100 mL of deionized Milli 

Q water (>16.0 MQ.cm) and membrane filter sterilized and stored in freezer at 

<0°C. 

19 L-Glutamine {3% w/v) 

300 mg of L-glutamine was dissolved in 10 mL of deionized Milli Q 

water and the solution was sterilized by membrane filtration. 

20 Poly L-lysine solution (1:10): 

1 mL of Poly L-lysine solution was diluted to 10 mL with Milli Q water. 

The solution was prepared freshly. 

21 Phosphate buffer (PB) 

21.1 Solution A- 0.2 M Na2HP04 

Dissolved 28.4 g of Na2HP04 in 1 L of deionized water 

21.2 Solution B - 0.2 M NaH2P04 

Dissolved 28-4 g of NaH2P04 in 1 L of deionized water 

36 mL of solution A and 24 mL of solution B was mixed and made up to 

100 mL with deionized water. The pH is adjusted to 7.2. 
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22 Glutaraldehyde solution (2.5% v/v) 

2.5 mL of 25% glutaraldehyde (Sigma-Aldrich) is diluted to 25 mL with 

PB. 

23 Propidium iodide (PI) solution 

5 mg of PI was dissolved in 5 mL of ethanol to make PI stock solution. 

The working solution of PI was prepared by diluting stock solution to a 

concentration of 0.05 11g/mL with culture medium. It is stored at 2-8°C. 

24 Fluorescein diacetate (FDA) solution 

To make stock solution, 10 mg of FDA was dissolved in 1mL of acetone. 

The working solution was prepared by diluting 10 ~tL of stock solution to 1 mL 

with MEM serum free medium, before usage. The stock and working solution 

were stored at <0°C. 

25 Hoechst stain 

Hoechst stock solution was prepared by dissolving 0.5 mg of stain in 10 

mL of PBS for about 15 min protected from light. It was stored at -20°C. The . 
working solution was prepared by diluting 10 ~tL stock solution to 10 mL with 

PBS. It is stored in freezer. 

26 Triton X-100 solution {0.5% v/v) 

0.25 mL of triton X-100 was diluted to 50 mL with PBS and stored at 2-

27 Cholera toxin stock solution (10-5) 

0.5 mg of cholera toxin (Sigma) was mixed in 0.575 mL of DKSFM 

medium and stored at 4°C. 

28 Endothelial growth supplement from bovine pituitary extract (Sigma
Aldrich) stock solution: 

1.2 mg of EGS from BPE was dissolved in 24 mL of DKSFM without 

cholera toxin and stored at -20°C. 
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29 Collagen type I working solution 

Pure Col TM 8 mL 
lX PBS 6 mL 
lOX PBS 1 mL 
0.1 M NaOH 1 mL 

It is stored at 4°C. 

30 Collagen type IV working solution 

400 ).!L of collagen type-IV (BD bisociences) was dissolved in 3.6 mL of 

0.05 N HCl to obtain 100 ).lg/mL concentration of collagen type IV working 

solution. 

31 Collagen mix 

Working solutions of type-I and type-IV collagen were mixed in 1: 1 ratio 

and stored at 4°C. 

32 Dispase solution (0.25 %) 

25mg of dispase (Sigma-Aldrich) was dissolved in 10 mL of MEM serum 

free medium and filter sterilized by 0.22 ).!ill membrane filter. It was always 

freshly prepared. 

33 Savlon solution (1: 15) 

1mL of Savalon antiseptic lotion was diluted to 16 mL with sterile Milli 

Q water. 

34 Betadiene solution (1:10) 

2 mL of betadiene lotion was diluted to 20 mL with sterile Milli Q water. 

35 Ethanol of various concentrations 

Percentage of ethanol 
solution (%) 

30 
50 
70 
90 
100 

Volume of absolute 
ethanol (mL) 

3 
5 
7 
9 
10 

Volume of Milli Q water 
(mL) 

7 
5 
3 
1 
0 
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Chapter III 

RESULTS AND DISCUSSION: 

FABRICATION AND CHARACTERIZATION OF 

KERATINOCYTE CELL SHEET 

3.1 Alkali modification of Over Head Projection Sheet 

The OHPS was by nature hydrophobic, less flexible and transparent. It was 

modified using alkali (4N NaOH) as reported earlier (Nithya] et al. 2011) to. impart 

hydrophilicity to its surface to allow coating of the NGMA polymer on it. It also made 

the sheet more flexible and translucent. While modification gentle agitation is given 

using a magnetic bead while applying heat on top of a hot plate magnetic stirrer. But 

the uniformity of modification cannot be ensured as the bead move around the center 

of the OHPS. Hence the magnetic bead was modified by providing a Teflon wing 

(Fig.4). The modified magnetic bead with teflon strip attached, helped in uniform 

modification of the sheet, unlike with the normal magnetic bead. Modified sheets 

were sonicated in distilled water to remove any unbound surface particles. 

Figure 4 Modified magnetic bead. 
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3.2 Coating thermoresponsive polymer on OHPS-M 

The modified OHPS (OHPS-M) sheet was coated in two ways with poly(N

isopropylacrylamide)-co-glycidyl methacrylate (NGMA) polymer to impart 

thermoresponsiveness, 

3.2.1 NGMA coating on OHPS-M by hand coating 

OHPS-M was coated with NGMA by hand coating method as reported earlier 

(Nithya J et al. 2011). It consumed high amount of polymer (700 11L) to c~at one 

OHPS-M sheet (8 em x 5 em). Coated sheets were dried at 60°C to promote the 

attachment of polymer to sheet and were given cold water wash after drying to 

remove the unbound polymer from the sheets. Affixing sheets onto the TCPS plates 

enabled easy handling during experiments, and prevented the damage to seeded cells 

due to floating and moving sheets. As the materials are sensitive to higher 

temperatures, sterilization was carried using ethylene oxide gas. 

3.2.2 Coating of NGMA on Alkali modified OHPS sheet- Spin Coating 

Spin coating was a modified coating process which greatly decreased the 

amount of NGMA polymer needed to coat a sheetfrom 17.5 ~-tLicm2 to 6 ~-tLicm2 • A 

custom made spin coating machine (Fig.5) was used. The centrifugal force applied on 

the polymer solution during spin was expected to remove any excess of polymer 

solution out of the sheet through the pores present in the polystyrene support. Hand 

coating may result in uneven coated surfaces which can be avoided using spin 

coating, if optimum amount of polymer is used. 

3.3 Characterization of Modified and Coated OHPS Sheet (OHPS

MC) 

3.3.1 Thickness measurement 

Alkali treatment required continuous agitation of the solution over the OHPS. 

Initially a magnetic bead was used to stir on the surface of the OHPS immersed In the 

. NaOH solution heated to 60°C. It was observed that the modification was not 

uniform in the center compared to the periphery. 

51 



Figure 5 Spin coating adapter. 

To obtain even thickness the magnetic bead was modified by attaching a 

Teflon wing. The OHPS-MC obtained by using modified magnetic bead resulted in 

uniform thickness over the entire sheet. The comparison of variation in thickness 

with and without alkali modification is given in table 4. The thickness was 

maintained as 0.04 mm throughout the sheet rendering higher pliability. 

Table 4 Thickness measurements of OHPS and OHPS-M at two different 
positions 

OHPS Untreated Treated with bead Treated with 
(llll) modified bead (J.Lm) 

Periphery 82.5 ±5 66.6 ±5 42.5 ± 5 
Center 85.0 ± 5 80.0 ± 5 40.0 ± 0 
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3.3.2 Fourier Transform Infra Red (FTIR) Spectroscopic Analysis 

The chemical nature of OHPS and the presence of NGMA on OHPS-MhC, 

was confirmed by FT-IR analysis. The OHPS and OHPS-M showed peaks at 1505.4 

and 1712.7 cm·1 characteristic to the polyester groups. The OHPS-MhC showed peaks 

at 1460 and 1643.7 cm-1 which confirmed the presence of NHCO groups of the 

PIPAAm in the copolymer along with 843.8 cm·1 confirming the presence of epoxy 

groups of GMA moieties. The results were in agreement with data reported by Nithya 

J et al. 2011. The OHPS-MsC showed 1458 cm·1 of NIP AAm and 843 and 1016 em -l 

of GMA. The peaks 1640 and 1535 cm-1 representing NIPAAm hand coated were 

absent in the spin coated OHPS-M. The peaks for polyester at 1504.8 and 

1712.6 cm-1• 

3.3.3 Water Contact Angle analysis 

Alkali modification of OHPS reduced water contact angle from 75.2 ± 0.7 ° to 

51.4 ± 2.7 ° indicating the increase in hydrophilicity as reported earlier (Nithy a Jet 

al. 2011). Rise in temperature of the NGMA coated sheets, above its lower critical 

solution temperature (LCST) of 28°C (Nithya J et al. 2011) from -25 °C to -40 °C 

showed an increase in water contact angle. The OHPS-MhC showed 34.2 ± 2.5° at 

25°C and 63.2 ± 3° above 37 oc. Similarly the OHPS-MsC showed 55.7 ± 4.6° at 

25 °C and 74.9 ± 2.8° above 37 °C. This confirmed the presence NGMA polymer 

and thermoresponsiveness nature. 

3.4 Development of in vitro Skin (epidermal) Keratinocyte 

Construct 

HaCat keratinocytes cultured on OHPS-MC could grow as similar to parallel 

run TCPS. Since the OHPS-MC was not optically clear to identify cell growth on it, 

cell growth on TCPS was considered as the reference (Figure lOa). 
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Figure 6 . FTIR spectrum of (a) OHPS and (b) OHPS-M. The spectrum of 
OHPS and OHPS-M showing the presence of peaks at 1050, 1250, 1713 cm'1, 
confirming the presence of polyester. 

3.4.1 Viability of cells on OHPS-MhC and OHPS-MsC 
The viability of cells grown on OHPS-MhC was confirmed by FDA staining. 

Cells formed monolayer on OHPS-MhC and were viable by expressing green 
fluorescence. (Figure 10b). Similar results were obtained with OHPS-MsC (data not 
shown). 
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Figure 7 FTIR spectrum of OHPS-MhC and OHPS-MsC. (a) The spectrum of 
OHPS-MhC showed peaks at 1640, 1535, and 1458 cm 1 representing the NH-
CO groups of NIPAAm and epoxy groups of GMA moieties like 843 and 1016 
cm1, (b) The OHPS-MsC showed 1458 cm"1 of NIPAAm and 843 and 1016 cm 1 
of GMA. The peaks 1640 and 1535 cm'l representing NIPAAm hand coated was 
absent in the spin coated OHPS-M 
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OHPS OHPS-M 

Figure 8 Real time images of contact angle of a)OHPS b) OHPS-M. OHPS - M 
showed greater hydrophihcity (lesser contact angle measurement) compared to 
OHPS after alkali modification 

25 °C 

Figure 9 Real time images of contact angle measurements of OHPS-MhC (a,b) 
and OHPS-MsC (c,d) at below and above the lower critical solution temperature 
(LCST) of the NGMA polymer, confirming its presence and 
thermoresponsiveness nature on the sheets. 
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Figure 10 a) Phase contrast image of optically unclear OHPS-MhC b) HaCat 
cells on OHPS-MhC emitting green fluorescence after FDA staining. 

3.5 Fabrication of HaCat Cell Sheet 
3.5.1 Cell Sheet Retrieval Method-1 (Three Step Method) 

The retrieval method 1 gave small patches of cell sheets but not with sufficient 
size. Cell sheet obtained was only around 200 urn in size (Figure 11). This method 
was followed as similar to the previously reported procedure using polyvinylidine 
fluoride membrane (Kumar APR et al, 2007). The low productivity of this method is 
expected due to the probable readhesion of cells to OHPS-MC, in the incubation step, 
due to the rise in temperature above the LCST of the NGMA polymer. Since the size 
of the sheet was not enough the procedure was subjected to various modifications as 
described in following sections. 

3.5.2 Cell Sheet Retrieval Method-2 (One Step Method) 
The incubation step after placing cell seeded OHPS-MhC on TCPS dish was 

analyzed for better cell sheet transfer. However there was not much consistent sheet 
transferred with this method (Figure 12). It was inferred from the results, that 
decreasing temperature of the cell seeded OFfPS-MhC is not sufficient to transfer the 
cell sheet, but also requires an incubation step with temperature less than the lower 
critical solution temperature (LCST) of the polymer to promote the cell adhesion to 
the transferring surface. 
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Figure 11 Phase Contrast Image of cell sheet obtained by retrieval method - 1 of 
size around 200 Jlm, with cells intact. 

3.5.3 Cell Sheet Retrieval Method-3 (Two Step Method) 

The method 3 was different from previously reported method by including 

cold PBS treatment and a stamping tool for efficient cell sheet transfer (Figure 13). 

The stamping tool together with the incubation at 37 °C helped in improving the cell 

sheet transfer. Though cold PBS was used to ensure immediate and uniform 

application of low temperature, it had a disadvantage of variability in the temperature 

while incubation at room temperature. This also confirms that a continuous cold 

treatment is required for efficient transfer of cell sheet from NGMA coated modified 

OHPS directly to tissue. However, the stamping tool was found to be beneficial in 

harvesting cell sheets (Figure 14). 

3.5.4 Cell Sheet Retrieval Method-4 (Two Step Method) 

Since the variability in temperature of cold PBS during incubation at room 

temperature was not fruitful, continuous cold treatment was again retained in 

subsequent trials. Instead of treating with cold PBS, the stamping tool was placed on 

the OHPS-MhC and kept at 4 °C for 5 min. This modification in the procedure 

resulted in cell sheet transfer but again with smaller size (Figure 15). 
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Figure 12 Phase contrast image of the very few cells transferred by retrieval 
method-2. 

Figure 13 The design of stamping Figure 14 Phase contrast images of cell 
tool to ensure evenly distributed sheets obtained by retrieval method-3. 
force on its base. 
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Figure 15 Transferred cell sheet patch from OHPS-MhC to TCPS plate by 
retrieval method-4. 

3.5.5 Cell Sheet Retrieval Method-5 (Scrape Method) 
Instead of transferring HaCat cell sheet directly to another culture surface, a 

scraping method of cell sheet construct was also analyzed using OHPS-MsC. This 
method involved application of mechanical force to remove the cell sheet from its 
thermoresponsive substrate. This technique gave fairly large cell sheet construct 
having the size of the OHPS-MsC substrate ( - 2 x 2 cm) was obtained (Figure 16). 
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3.6 Characterization of HaCat Cell Sheet 
3.6.1 Live-Dead Staining 

The cell sheet transferred from OHPS-MhC by different methods was 
analyzed for viability and growth efficiency. The cell sheet transferred TCPS was 
further incubated for 24 h in CO2 incubator and stained with FDA, showed green 
fluorescence. The staining revealed that most of the cells in the sheet were viable 
(Figure 17). 

Figure 17 Live-dead staining with FDA and PI showed that most of the cells in 
the transferred cell sheet were alive with a very few dead cells, a) phase contrast 
image of the cell sheet b) FDA stained green fluorescent image of cell sheet. 

Keratinocyte cell sheet constructs was also fabricated using OHPS-MsC by 
scrape method. The cell sheet constructs having the same size as the substrate used 
could be obtained by this method (Figure 18). The construct showed good cell-cell 
contact and appeared as a single unit mainly due to the extracellular matrix. It has 
been previously reported that thermoresponsive culture surface retains ECM 
(Matsuda et al. 2007). 

Spin coated NGMA on modified PET substrate has not been reported before. 
The results showed similar performance of the cell sheet technology by using OHPS-
MsC. The viability analysis by FDA staining confirmed that the keratinocyte 
construct was viable (Figure 19). 
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Figure 18 Phase contrast images of cell sheet construct obtained by scraping 
method a) folded HaCat cell sheet at lower magnification b) intact cell sheet at 
higher magnification. 
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Figure 19 Live-dead staining with FDA and PI showed that most of the cells in 
the cell sheet construct obtained by scraping method were alive with a very few 
dead cells, a) phase contrast image of the cell sheet b) FDA stained green 
fluorescent image of cell sheet c) PI stained image with a few dead cells d) 
overlap image of b and c. 
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3.6.2 Growth of Cell Patches 

The transferred HaCat cell sheet was also analyzed for its ability to grow as a 

patch on the new surface. When the cell sheets were maintained in culture and 

monitored on 1, 7 and 12 days showed expansion of cell patch (Figure 20). This 

clearly indicates the growth potential of the transferred cell sheet. 

Figure 20 Cell growth observed on (a) 1, (b) 7 and (c) 12 days after cell sheet 
transfer. 

Growth was observed in the cell sheet transferred to TCPS and grown in 

MEM with 5% FBS in C02 incubator. The transferred cell sheet no sign of growth 

for initial days but by ih day of transfer cells started migrating from the cell sheet to 

the TCPS. Since the growth and multiplication of cells were observed to be low, the 

reattached and spread cells after cell sheet transfer were analyzed for viability. It was 

observed that the cells transferred from OHPS-MhC were viable and spreading after 

12 days culture in TCPS (Figure 21). 

3.6.3 Evaluation of Epithelial Characteristics of Keratinocyte Cell Sheet 

Construct 

Intercellular tight junctions are the characteristic feature of epithelial cells and 

the zona occludence-1, a junction organizing protein was selected as the marker for 

evaluating the epithelial character of the fabricated cell sheet construct (Muller SL et 

al. 2005). The intercellular junctions of the cells were positive for Z0-1 antibody stain 

and were clearly demarcated from the rest of the cell body (Figure 22). The nucleus 

was demarcated by counter staining with Hoechst stain. This showed that the cell 

sheet construct of keratinocytes could preserve an important epithelial character. 
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Figure 21 Live-dead staining of attached and spreaded cell sheet with FDA and 
PI. a) phase contrast image of grown cell sheet b) FDA stained green fluorescent 
image of live cells in cell sheet c) PI stained image with a few dead cells d) 
overlap image of b and c. 
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Figure 22 HaCat cell sheet construct stained with anti-ZO-1 antibody to detect 
the intercellular tight junction protein ZO-1 (a) ZO-1 positive intercellular 
junctions of cell sheet (b) fluorescent nuclei, due to Hoechst nuclear stain (c) 
overlap of a and b. 
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3.6.4 Surface Morphology 

Environmental scanning electron microscopic analysis showed that the cell 

sheet was intact and its architecture was preserved (Figure 23). 

Figure 23 HaCat cell sheet construct intact in its morphology as observed under 
E-SEM as observed under lower and higher magnifications. 
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Chapter IV 

RESULTS AND DISCUSSION: 

ISOLATION, CULTURE AND CHARACTERIZATION 

OF PRIMARY MURINE EPIDERMAL 

KERATINOCYTES 

4.1 Isolation of Murine Keratinocytes 

Keratinocytes were isolated from the dorsal skin of 1 year old, mouse (Balb/C) 

cadaver. As hair can greatly hinder the free movement of cells and retain clusters of 

cells during isolation, hair was clipped and trimmed. The skin was excised and 

transferred to penicillin-streptomycin solution to prevent contamination of the tissue. 

Processing of the tissue involving removal of muscle, blood vessels and subcutaneous 

fatty layer occupied importance as incomplete processing results in high lipid content 

in the isolate which can affect the gaseous exchange of cells in the culture dish. 

Isolation of primary murine keratinocytes was performed by the previously reported 

double enzyme method using defined keratinocyte serum free medium (DKSFM) 

(Yano S and Okochi H 2005). Digestion of dermis using dispase enzyme, enables 

easy separation of epidermal layer from dermis (Error! Reference source not 

found.24a). 

Trypsinization simultaneously with mincing of tissue results in cell suspension 

with clumps as well as single cells which were collected by filtering through nylon 

mesh and removing the hair stubs and follicles (Figure 24b). The cell suspension was 

centrifuged and washed with PBS to remove the remnant lipid content and trypsin-

EDTA. Finally the pellet was suspended in the DKSFM with growth factors along 

with additives as per requirement and seeded on TCPS plates which were coated with 

collagen to provide a suitable extracellular matrix for the keratinocytes to adhere and 

spread. 
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Figure 24 a) Epidermis separated from dermis after dispase treatment b) minced 
and trypsinized epidermis. 

4.2 Culture of Primary Murine Epidermal Keratinocytes 

4.2.1 Culture in collagen type I coated petri dishes 

Primary keratinocytes were initially cultured on collagen type I coated 35mm 

TCPS dishes in DKSFM complete medium with cholera toxin as reported earlier 

(Yano S and Okochi H 2005). Majority of the cells were found to be floating and was 

subsequently got removed during medium change. Cells which were found to be 

attached on the substrate by the end of day 1 were observed to be detached from the 

substrate in the following days (Figure 25 a, b). 

Figure 25 a) Primary murine keratinocytes on day 1 b) cells remained after 
medium changes by day 4. 

In certain cases slight morphological variation was observed in few cells, but 

with no further development (Figure 26). 
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Figure 26 Morphological variation observed in primary murine keratinocytes by 
sth day of culture. 

As per literature an adult mouse for keratinocyte isolation represents an age 

group of 7-9 weeks (2-3 months). It was reported that mice of age older than 

10 weeks can result in poor cell yield and cellular viability due to thick epidermis 

and anagen phase of the hair [Lorz C et al. 2010]. Moreover the activity and 

cellular output (in terms of proliferation) of basal keratinocytes in epidermis were 

shown to be significantly decreased in aged mouse compared to young ones 

[Charruyer et al. 2009]. The source of epidermal keratinocytes in the present study 

was mice of age ranging from 11-13 months, which also supports the previous report 

of Lorz C et al. 2010. Hence it might be because of the very aged source, the obtained 

keratinocytes did not show proper attachment and proliferation. 

EDT A was shown to decrease the number of hemidesmosomes, the protein 

complexes required to attach to the substrate, in epithelial cells besides causing 

greater disruption of cells than enzymes like dispase-II [Spurr SJ and Gipson L K 

1985]. Monolayer of epidermal keratinocyte culture was shown to form single cell 

suspension on incubation with EDTA which demonstrated the damaging effect of 

EDTA on intercellular connections [Watt M F et al. 1984]. Hence it might also be 

due to these effects of EDTA present in the Trypsin-EDTA reagent, used for 

keratinocyte isolation, the isolated cells were mostly single and did not show 

appropriate adhesion to the provided substrate. 
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4.2.2 Culture in collagen type I & IV coated petri dishes 

In skin, the basal keratinocytes are present on a basement membrane made up 

of mainly collagen type I and IV (Suter MM et al. 1997) and collagen IV (10 !J,g/mL 

for attachment and 100 !J,g/mL for long term culture) was proved to be a better 

extracellular matrix for epidermal cell attachment compared to collagen type I 

[Murray JC et al. 1979]. Since the cell adhesion and growth was not found in 

combinations of DKSFM and Cholera Toxin, the role of ECM was also analyzed. 

Hence a 1: 1 mixture of collagen type I ( 1.5 mg/mL) and IV (1 00 j.1g/mL) was 

provided as extracellular matrix for the primary keratinocytes. This modification 

resulted in an increase in the adhesion of cells while seeding (Figure 277a). However 

the cells did not spread or proliferate on the collagen mix. The loosely bound cells 

were removed on subsequent medium change. (Figure 277b ). It might be due to aged 

source and/or the effect of EDT A during isolation procedure as explained before. 

Figure 27 Primary keratinocytes on collagen mix coated TCPS dishes. a) high 
cell yield as seen on 1st day of culture b) cells remained after 4 days of culture 
with medium change once in 2 days. 

4.2.3 Culture on Epidermal and Mesenchymal ECM 

Extracellular matrix isolated from young murine mesenchymal stem cells 

could restore the osteogenic and replicative potential of aged murine MSCs besides 

reducing the intracellular levels fo reactive oxygen species (Lin H et al., 2012). 

Considering the age of the skin tissue obtained and the fact that the basal 

keratinocytes in the skin are a mixture of stem cells and transient amplifying cells, 
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extracellular matrix derived from rat MSCs was tested as the substrate for the primary 

murine keratinocytes and cultured in DKSFM complete medium supplemented with 

cholera toxin and endothelial growth supplement from bovine pituitary extract. No 

cellular adhesion was observed on the MSC-ECM for seven days (Figure 288a). 

Similar results were observed with ECM from HaCat culture Figure (28b). It might be 

due to aged source and/or the effect of EDT A during isolation procedure as 

mentioned before. 

Figure 28 Primary murine keratinocytes cultured on a) MSC ECM, b) HaCat 
ECM. Almost all the cells were floating in the medium 

4.3 Immunohistochemistry of Skin Cryosections 

The distribution of epidermal cells in the skin was analyzed by 

immunostaining of cryosections. Two marker proteins, Cytokeratin 1 and Cytokeratin 

14 were identified and stained using antibodies. The sections showed specific and 

characteristic expression of these proteins. CK-1 is expressed in supra basal 

keratinocytes and CK-14 is expressed in basal cells (Suter MM et al, 1997). 

The positive staining of these proteins in the epidermis of mice confirmed the 

specificity and reactivity of the antibodies besides demonstrating the proper 

distribution of epidermal cells in the skin (Figure 29 and 30). 
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Figure 29 a) Phase contrast image of cyrosection of murine dorsal skin b) 
cytokeratin-1 expressing cells (red fluorescence) in the epidermis c) Hoechst 
counter stained cells d) an overlay image of a and b to demarcate cytokeratin-1 
expressing cells in epidermis. 

4.4 Characterization of Primary Murine Epidermal Keratinocytes 
Inspite of the various modifications adapted in the culturing of primary murine 

keratinocytes, cell adhesion and spreading could not be achieved. Characterization of 
the primary cells after isolation and culture was performed to know the presence and 
the proportion of basal and differentiated keratinocytes by detecting the cytokeratin-
14 and 1 marker proteins respectively. 

4.4.1 Immunocytochemistry of isolated primary keratinocytes 
Isolated suspension of primary murine keratinocytes was immunostained for 

cytokeratin -1 and 14. The cells in the isolate were found to express cytokeratin-1, but 
not cytokeratin-14 (Figure 31). This result inferred that the relative number of 
cytokeratin-14 expressing cells was very low in the isolate which has to be further 
investigated. 
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Figure 30 Phase contrast image of cyrosection of murine dorsal skin b) 
cytokeratin-14 expressing cells (green fluorescence) in the epidermis c) Hoechst 
counter stained cells d) an overlay image of a and b to demarcate cytokeratin-14 
expressing cells in epidermis. 

Figure 31 Immunocytochemistry of isolated primary keratinocytes a) and b) 
primary keratinocytes positive for cytokeratin-1. c) and d) primary keratinocytes 
negative for cytokeratin-14. 
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4.4.2 Immunocytochemistry of cultured primary murine keratinocyte cultures 
The isolated primary murine keratinocytes were cultured for 6 days on 

collagen type I coated culture dishes and the adherent cells in the culture after 6th day 
were immunostained to check the expression levels of cytokeratin-1 and 14. Majority 
of the cells in single and even in a group expressed the cytokeratin-1 (Figure 32), with 
few or none, positive for expressing the cytokeratin-14 (Figure 33). This inferred that 
all cells were differentiated after 6 days of culture. 

a b 

• • 
100 um 100 um 

Figure 32 Six days old primary keratinocytes a) phase contrast image of cells b) 
cells stained positive for cytokeratin-1 (red fluorescence) 

Figure 33 Cultured 6 day old primary keratinocytes a) phase contrast image of 
cells b) cells counter stained with Hoechst c) cells stained negative for 
cytokeratin-14 (red fluorescence). 
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4.4.3 Primary Keratinocyte Cell Adhesion Study on OHPS-MsC 

Scanning electron microscopic analysis of primary keratinocytes seeded on 

OHPS-MsC, was performed to observe the cell adhesion on the substrate. The 

analysis showed that only very few cells adhered to the sheet and no proper 

attachment or spreading was observed (Figure 34). The results inferred that the 

adhesion was very weak even on the OHPS-MsC. . 

Figure 34 SEM image of 2 day old primary murine keratinocytes culture on 
OHPS-MsC showing very less number of cells attached to the sheet. 
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Chapter V 

SUMMARY AND CONCLUSION 

In this work, PET based OHPS sheet was selected as the base material for the 

development of thermoresponsive modified culture surface. The OHPS was alkali 

modified to make it more hydrophilic and enable NGMA coating to ·impart 

thermoresponsiveness. The coating was applied by two methods namely, hand 

coating and spin coating. The spin coating had an advantage of only 1/3rd volume 

of the NGMA polymer and only 1/6th of the time to coat needed in the case of 

hand coating. Human keratinocyte cell line was successfully cultured on both 

hand coated and spin coated sheets. Keratinocytes grown on the hand coated sheets 

were transferred to new surface by using a stamping tool. The retrieved cell patches 

were found to be viable and were found to spread and grow when incubated in 

optimal conditions. Scaffold free keratinocyte cell sheet construct was developed 

from spin coated PET sheets which were proved to be viable and intact. The epithelial 

characteristic feature of cell sheet construct was confirmed by Z0-1 staining and the 

integrity and morphology by E-SEM analysis. 

Isolation, culture and characterization of primary murine epidermal 

keratinocytes from dorsal skin of 1 year old mouse were also studied. The isolated 

cells did not show proper spreading and proliferation which might be due to the very 

aged source of skin and the effect of EDT A on cells. The primary keratinocytes were 

cultured on different extracellular matrices to improve cell attachment and growth. 

However the variation in ECM did not reflect in obtaining monolayer of primary 

cells. Modulations of growth factors of the medium were also analyzed. The isolated 

as well as in vitro cultured keratinocytes were found to be positive for cytokeratin-1 

protein and negative for cytokeratin-14. The improvement of getting more number of 

cytokeratin-14 in the primary isolation requires fine tuning of the existing protocol. 
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Future Prospects: 

The retrieval techniques of cell sheet should be studied in detail and optimized 

to obtain cell sheets of desirable size. The study can be further extended into in vivo 

animal models, to analyze the efficiency of the in vitro developed transferring 

technique in real life situation and to study the after transplantation effects of the 

graft like, contraction of graft, integration of the graft with the wound site, scarring, 

etc. Complete skin construct can be constructed and studied by stacking the epidermal 

keratinocyte cell sheet over the dermal fibroblast cell sheet. 

Regarding the isolation of primary murine epidermal keratinocytes from 

1 year old mouse, many factors like the exact need of EDT A in isolation procedure 

and its effect on keratinocytes, the optimum concentration of various growth factors 

and composition of extracellular matrix, etc. are to be studied in detail and the 

procedures are to be standardized. Estimating the relative proportion of epidermal 

stem cells and transient amplifying cells in the dorsal skin, can help in optimizing the 

isolation protocol as well as the culture techniques. 
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