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Abstract 

 

Nacre has been used for both cosmetic and medicinal purposes in many civilizations 

over thousands of years. The use and widespread belief that nacre can enhance skin 

appearance and function is supported by only limited scientific evidence. The work 

presented herein is the result of a study into the preparation, toxicity and efficacy of 

nacre on skin cells in vitro. The aims of this study were to establish a protocol to 

generate nacre powder with a unimodal particle size distribution, evaluate the safety of 

inorganic and organic nacre components on skin cells in vitro and measure the effects of 

the organic component of nacre using in vitro wound healing models.  

 

One specific issue that has hampered progress with the testing of the biological 

properties of nacre has been the use of preparations which are inconsistent in size and 

shape. In the work presented here, a standardised ball milling protocol was developed 

by varying six parameters: volume of excipient, sample size, grinding ball size, number 

of balls, speed and duration. The ball milled nacre particle size distribution was 

measured using a Mastersizer Hydro 2000s. The degrees of zirconium and cadmium 

contamination, as well as other elements, were quantified using Inductively Coupled 

Plasma Mass Spectrometry – Atomic Emission Spectrometry. The results demonstrated 

that the ball milling protocol produced a nacre product that was uncontaminated and 

consistent in size and shape. 

 

A human immortalized keratinocyte cell line (HaCaT) and a mouse immortalized 

fibroblast cell line (NIH/3T3) NIH/3T3 fibroblasts) were used to assess the toxicity of 

nacre produced using the ball milling technique. In addition, for comparison, nacre 

prepared by other methods such as grinding with mortar and pestle and extraction with 
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the aid of ionic liquid were included in the study. Comprehensive toxicity testing 

included MTS assays and live/dead assays to determine the effect of nacre on cell 

viability qualitatively and quantitatively respectively and a reactive oxygen species 

(ROS) assay to examine whether nacre induced oxidative stress in skin cell types. The 

data suggested that milled nacre at a concentration of 0.1 mg/ml was safe and non-toxic 

to skin derived cell types. The same studies were replicated using media conditioned 

with 100 mg/ml of the milled particles. This part of the study was to investigate the 

effects of the organic component of nacre only. Live/dead assays using conditioned 

media showed no detrimental effects on cell viability and ROS levels were also not 

affected.   

 

The potential efficacy of nacre on skin wound healing was assessed using in vitro 

models. To this end, a migration assay was used to determine whether nacre affects cell 

migration and can therefore potentially improve wound closure. Conditioned media 

containing the organic component of the milled nacre did not have any effect on wound 

closure. A ‘scar in a jar’ model was also used to assess the effects of nacre on collagen 

production. Results showed that the extract from milled nacre increased the quantity of 

collagen produced by fibroblasts whilst concurrently it did not alter the coherence of 

collagen produced. Interestingly, cells treated with conditioned media of CaCO3 that 

acted as a control exhibited similar results. 

 

In conclusion, this research provides a protocol to generate consistently sized nacre 

particles that are free from contaminants. In addition, the data show that nacre at low 

concentrations and its organic component are safe and non-toxic to skin cells. 

Furthermore, organic components of nacre were observed to increase collagen 

production in the functional assays and simultaneously did not cause the collagen to 
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lose its coherency. These results suggest that the use of nacre even at high 

concentrations is safe and may increase collagen production, which would be a 

potentially desirable effect in cosmetic applications. Further work using the 

standardized preparation of nacre should be undertaken to better understand the 

potential of nacre for skin applications.  
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Chapter 1: Introduction 

 

1.1. Introduction 

Skin is the first and foremost barrier that protects our body against changing 

temperature1, ultraviolet (UV) radiation2, dehydration3 and infection.4 Skin not only 

consists of skin cells but also includes blood vessels, nerve branches, hair follicles and 

sweat glands. Skin is the largest complex organ5, and repairing it to its original state 

after being wounded is a major challenge. In recent years, numerous studies have tested 

different compounds or devised new strategies that might be beneficial in improving 

wound healing.6-11 Nacre is one of the compounds that have been scrutinized in the last 

decade for its therapeutic effect.12-14 

 

Nacre has been used as a medicine since ancient times in China to cure nebula15 

and India to treat gastric acid.16,17 Other civilizations, such as Mayan Indians used nacre 

for prosthetic teeth.18_Royal families from China, Egypt and Persia were reported to use 

nacre powder for skin rejuvention.19 Nowadays, there are many cosmetics from various 

brands that use pearl as one of their ingredients. They claim that nacre has beneficial 

effects for skin that ranges from whitening to anti aging. For example, Lorac Cosmetics 

claim that their lipstick, which contains nacre, can keep lips soft, smooth, supple and 

naturally rejuvenated.20 HydroPeptide® Eye Authority claims on their website that 

crushed pearl can illuminate the eye area to diffuse the appearance of dark circles and 

eye imperfections while providing antibacterial, detoxification and skin nourishing 

properties.21 Oriflame® Giordani Gold Bronzing Pearl claims that the micro pearls 

contained in it will give the skin a seamless, natural glow and flawless luminescence.22 

Pearl powder is one of the featured ingredients of SWELL™ Oceanic Cooling Mask 

from SIRCUIT® cosmeceuticals which is claimed to have a soothing, revitalizing and 
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protective effect on skin.23 However, there is limited scientific evidence that supports 

the benefits of nacre on skin.  

 

Nacre is a biomineralised material containing about 95% inorganic material and 

5% organic components.24,25 The inorganic component of nacre is solely composed of 

calcium carbonate, mostly in the form of aragonite.25 The 5% organic component is 

mostly made of polysaccharides and protein fibers26 which are rich in aspartic acid.27 

Table 1.1 summarizes the macromolecules that have been identified in nacre from 

Pinctada species and they are classified based on their solubility in water.  

 

Table 1.1. Macromolecules from oyster shell Pinctada species. 
 Soluble Insoluble 
Carbohydrate Chitosan28 Chitin29 
Proteins AP730, AP2430, MSI3131, 

MSI6031, MSI732, Mucoperlin33, 
N1434, N16/ Pearlin35, Nacrein36, 
p1025, Perline37, Perlucin38, Pif39 

Conchiolin40, Lustrin A41, 
MRNP3442 

Lipid ---------------------- Cholesterol43, cholesterol 
acetate43, cholesterol sulfate43, 
hydroxylated ceramides43, 
nonhydroxylated ceramides43, 
fatty acids43, 
triglycerides43,squalene-like 
lipids43. 

 

The current study will analyze the effects of different kinds of preparations of 

nacre on skin cells in vitro. It will shed some light on whether the organic or inorganic 

components of nacre contribute to the beneficial effects of nacre that have been claimed 

for centuries.  

The first step of this study is to generate reproducible nacre product that includes 

either the organic component alone, inorganic component alone or both. The second 

step is to test the cytotoxicity of the different kinds of nacre preparations. The last step 

is to test the efficacy of nacre preparations on skin cell migration, collagen synthesis 

and collagen coherency. 
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1.2. Nacre 

1.2.1. Source of Oyster 

The pearl oysters used for this work were Pinctada margaritifera. While pearl is 

expensive and traded as high-class jewelry44, its shell is accumulating as waste from the 

pearl industry. They were supplied by Pearl Technology Pty Ltd, who farms them in the 

Abrolhos Islands, Western Australia (Fig. 1.1). The common name for Pinctada 

margaritifera is the Black Lipped Pearl Oyster. It is one of the typical suspension-

feeding bivalves.45  

 

 
Figure 1.1. World distribution of Pinctada margaritifera.46 P. margaritifera can be 
found in every area marked by the dots. The red dot refers to the location from which P. 
margaritifera nacre was obtained for this study. 
 

1.2.2. Formation of Nacre 

Oyster shell has three layers: the outer-most periostracum, consists of decalcified 

organic conchiolin and the middle layer, the ostracum, consists of prismatic calcite. The 

inner-most layer, the hypostracum, consists of aragonite tablets arranged in multiple 

layers which are interleaved by proteins and polysaccharides in the inter lamellar layers 

so that, collectively, the components form a “brick” (aragonite) and “mortar” (proteins 

and polysaccharides) structure.47 This brick-mortar arrangement, which is the source of 

strength and resilience against fracture48, is called nacre or mother-of-pearl. Fig. 1.2 
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shows an illustration of the prismatic calcite and the nacreous aragonite. Nacre is one of 

the common features in mollusks49, especially in bivalves such as pearl oyster. Nacre is 

not only found in the inner shell, but also builds up the outer layer of pearl (see Fig. 

1.2).50  

 

 
Figure 1.2. Nacre can be found in the inner layer of the shell and at the outer layer 
of the pearl. The shell is composed of three layers: nacreous layer (aragonite), 
prismatic layer (calcite) and periostracum (organic). The same layers are secreted at the 
surface of the pearl: first the organic layer, then prismatic layer and at the exterior 
nacreous layer.51 

 

There are two models of nacre formation that have been described in previous 

studies (see Fig. 1.3).52 The first model, called the “compartment model” was proposed 

by Bevelander and Nakahara (see Fig. 1.3a).53 In this model, nacre is formed layer by 

layer in a sequential manner into pre-existing organic compartments. One layer of 

aragonite tablets is covered by an organic sheet containing proteins and polysaccharides 

followed by another layer of aragonite and so on. The second model was proposed by 

Schäffer et al. where the organic inter-lamellar sheets are deposited first to form organic 

compartments and the aragonite grow through gaps mineral bridges between the organic 
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inter-lamellar sheets with growth occurring from the inner-most to the outer-most aspect 

of the forming nacre.54 

 

 
Figure 1.3. Schematic overview of the two major models of nacre formation. a) 
This model explains nacre formation by precipitation of CaCO3 into pre-existing 
organic compartments and heteroepitaxial nucleation of CaCO3 on the organic matrix. 
b) The second model postulates nacre formation by growth through mineral bridges 
across the pre-existing organic interlamellar sheets.52 
 

Rousseau et al. showed that the formation of nacre in P. margaritifera follows 

the second model.55 A more detailed bottom-up hierarchical formation of nacre of the 

second model has been well described by Cartwright and Checa (see Fig. 1.4).56 Nacre 

formation begins with secretion of molecular polysaccharide chitin (N-acetyl-2-

glucosamine) by the mantle into the extra-pallial liquid. Chitin then forms crystallites 

composed of hundreds of polymers. These crystallites in the extra-pallial liquid then 

form layers of interlamellar membrane. Proteins that have an affinity towards chitin 

become integrated in and support this membrane. Silk fibroin then aggregates with this 

membrane. The final stage is the mineralization of this membrane by aragonite. Suzuki 

et al. found two proteins, Pif 80 and Pif 97, in the organic components of nacre that play 

important roles in nacre formation.39 They proposed that Pif 80 and Pif 97 forms a 

complex in the mantle epithelial cells and are secreted into the extrapallial fluid. 

Further, they predict that Pif 97 contributes to the formation of the lamellar sheet 
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through binding with chitin microfibrils to make a larger aggregate with N16 and other 

proteins. It is Pif 80 that concentrates calcium carbonate and induces aragonite 

formation. 

 
Figure 1.4. Hierarchical construction of nacre. A sketch diagram showing the 
construction of nacre from a chitin molecule to a shell in bivalves.56 See text for more 
detailed explanation. 
 

1.2.3. Nacre – Inspired Materials 

The “brick” and “mortar” arrangement gives nacre an exceptional tensile strength up to 

110 MN m-2.49 Nacre has a fracture strength about 3000 times greater than a non-

biomineralised CaCO3 (aragonite).57 This characteristic of nacre has attracted 

significant interest from material scientists.50,54,58,59 Nacre architecture provides a 

framework for the design of many new synthetic materials.60 Examples include: 

composite films based on graphene oxide as the bricks and polyvinylalocohol (PVA) as 

the mortar61, nanocomposite films composed of TiO2 as the bricks and polyelectrolytes 

as the mortar62, nanoclay sheets coated with soft polymer – polyvinylalcohol (PVA)63, 

nacre-mimetic paper with fire shielding properties64 and clay-based nanocomposites 

with layered structure using alumina platelets as the bricks and a chitosan polymer as 

the mortar.65 
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1.2.4. Nacre in Cosmetics 

For more than 2000 years, Chinese have crushed pearl into powder for cosmetic use to 

whiten and smoothen the skin.66 It was occasionally consumed orally as well by royal 

and noble families, as it was believed that pearl had an anti-aging effect.43 However, 

none of these claims have been proven scientifically. The salt-water pearl is sometimes 

replaced with cheaper material such as fresh water pearl or nacre from the shell. This 

practice of using pearl or nacre as skin care is believed to be have been brought to the 

West by merchants that came from the East to trade.67 In the West, natural pearl was 

replaced by other kinds of substance that bear similar physical appearance to the pearl 

powder, such as bismuth powders68, zinc oxide69, or titanium dioxide.70 Fig. 1.5 shows 

old and contemporary cosmetic products that contain pearl. Beauty products that claim 

to contain pearl powder or essence will generally try to convince people that the 

cosmetic will whiten, smoothen, and slow the aging process of the skin.71  

 

 

Figure 1.5. Cosmetics from 1800s (left) and 2000s (middle-right) that claim their 
products contain pearl. 

 

An informal survey was undertaken as a complement of this study to investigate 

the ingredients of 27 cosmetics or skin care products that claim to contain pearl or 

“pearl essence” either in their product description or ingredients (see Table 1.2). Pearl 
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essence is not derived from pearl or oyster but can be defined as any compound/s or 

substance/s that can produce pearl lustre. Some examples include the scales of Alburnus 

alburnus, a type of carp fish72, and mica. Nowadays, manufactured pearl essence 

usually coats mica with TiO2 or Fe2O3.73 Consumers usually take it for granted that 

“pearl essence” is equal to the pearl itself and that when the pearl is ground up to 

powder it will still retain its lustre. Lustre from the pearl nacre or nacre from the inner 

side of the shell is due to the spatial arrangement of the aragonite crystals.74 So, when 

the spatial arrangement is compromised in the preparation process the lustre disappears. 

Pearl essence made from A. alburnus scales contain crystals made of guanine and 

hypoxanthine. They reflect and refract light, thus they exhibit the lustre effect similar to 

nacre.75  

 

Table 1.2. Various skin care products claim to contain pearl or pearl essence. Many 
of them use mica or any other silicate compounds to create the luminous effect. See text 
for detail. 
No. Product Name Pearl Mica/Silica 
1 Revlon 420 Sunlit Jade Colorstay Mineral Eye Shadow Yes Yes 
2 Alessandro Cream Royal Nutrifying Hand Treatment Yes No 
3 Alessandro Vital Serum Revitalizing Hand Serum Yes No 
4 Revlon Color Stay Mineral Brush 020 Petal Yes No 
5 Anna Sui Loose Compact Powder, 001 Transparent Yes Yes 
6 Physicians Formula Powder Palette Mineral Glow Pearls Yes Yes 
7 Lauren Brooke Cosmetiques Silk Veil Yes Yes 
8 Jouer Mineral Face Powder, Perle D’Ivoire Yes Yes 
9 Wei East Ageless Pearl Correcting Powder Yes Yes 
10 Urban Decay Surreal Skin Cream to Powder Foundation, Dream Yes Yes 
11 BareMinerals Pretty Amazing Lip Color, Allure (Peach) Yes Yes 
12 LORAC Couture Shine Liquid Lipstick Yes Yes 
13 Maybelline Color Sensational Lip Color, Plum Perfect Yes Yes 
14 Bliss The Youth As We Know It Anti Aging Serum Yes* Yes 
15 Shinto Clinical Wrinkle Shrink Yes Yes 
16 SIRCUIT Cosmeceuticals SWELL Oceanic Cooling Mask Yes No 
17 Pearl Professional Anti-Wrinkle Mist from Starmaker Yes* Yes 
18 HydroPeptide Eye Authority Yes Yes 
19 L’Oreal Infallible® 24Hr Eye Shadow Endless Pearl No Yes 
20 Olay Regenerist Micro-Sculpting Cream No Yes 
21 Avon Rare Pearls Body Powder No Yes 
22 Clarins White Plus Pearl-to-Cream Brightening Cleanser No Yes 
23 Neutrogena Instant Nail Enhancer, Pearl Sheen No Yes 
24 The Body Shop Honey Bronze Brush on Beads No Yes 
25 Pearl of Youth Pearl Powder Yes No 
26 Oriflame Giordani Gold Bronzing Pearls No Yes 
27 Pond’s White Beauty Pearl Cleansing Gel Yes* No 
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 From the survey in Table 1.2, 20 products listed pearl or its derivatives, e.g. 

mother of pearl, pearl powder or hydrolyzed pearl in the ingredients list. However, there 

is no explanation available as to how the pearl powder was produced nor the size range 

of particles or compounds derived from pearl.  It is important to know the uniformity of 

the particle size of pearl powder across these different skin care products. The particle 

size might dictate the fate of the pearl powder, whether it stays on top of the epidermis 

and gets washed away or enters the skin through the hair follicles. The importance of 

particle size will be discussed further in Chapter 2. There are 3 products that listed 

“hydrolyzed pearl” in their ingredients list (marked with * in the table). However, there 

is also no information on the final size range of this hydrolyzed pearl.  Product #18 

listed “crushed pearl” in the ingredients list. Despite the widespread use of pearl nacre 

or its derivatives in cosmetics, there is limited evidence of efficacy or consistency in 

preparation of nacre and its use. Therefore, in order to make progress in understanding 

properties of nacre scientifically there is a critical need to have a standard protocol for 

the preparation of nacre from the shell. This aspect is addressed in Chapter 2. 

 

 There are 7 products in Table 1.2 that do not mention pearl at all in their 

ingredients. Interestingly all of the 7 products have one or more silicate compounds 

including mica. Furthermore, there are only 5 products that do not contain any silicate 

compounds including mica. It is interesting that many manufacturers added silicate 

compounds into the product rather than using nacre or natural pearl extracts. It is 

possible that these manufacturers expect the same effects from the silicate compounds 

and do not expect the additional expense of adding pearl extract to provide any benefits. 

Therefore, this study will clarify the safety and efficacy of nacre on skin cells. These 

aspects are addressed in Chapters 3 and 4. The use of nacre and various pearl essences 

in cosmetics is also discussed further in the concluding chapter, Chapter 5. 
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1.2.5. Nacre in Medicine 

In many different ancient cultures including in India and China, pearl powder has been 

prescribed for many different kinds of illness.15,16,76 Some publications have shown that 

nacre possesses therapeutic properties, such as preventing and treating myopia in 

chicks15, inducing the growth of cutaneous fibroblasts in rats77, improving repair of the 

stratum corneum43, stimulating bone formation in vitro and in vivo78, inducing bone 

repair in the vertebrae of sheep78,79 and reducing visceral fat in rat80.  Additionally, Cao 

et al. claimed that nacre possesses tonic, anti-aging, and anti-radiation actions.81  

  

Xu et al. claim that pearl powder could prevent and improve myopia in chicks.15 

A manufactured pearl powder from Jiangxi Province, People’s Republic of China was 

used but no information about the particle size was given. The pearl powder was 

hydrolysed in distilled water and concentrated to 1 mg/mL. This suspension was 

dropped on the left eye of chicks that had been manipulated to bring about form-sense-

deprived myopia, while the right eye acted as control. The results suggested that 

calcium and other minerals from nacre could prevent myopia in chicks by preventing 

the elongation of the axis oculi and change in the diopters of form-sense-deprived 

myopia. The zinc- and copper- containing minerals also stimulated the activity of 

superoxide dismutase (SOD) and nitric oxide synthetase (NOS) in the retinopigmental 

epithelium choroid homogenate in order to hinder oxidation of superoxide. 

 

Lopez’s group applied ground nacre to sheep vertebrae and in an in vitro study 

of bone marrow.78 It was hypothesized that nacre would induce bone formation. Nacre 

of P. maxima obtained from North Australia was used. For the first study, ground nacre 

powder was mixed with autologous blood and then injected to the lumbar vertebrae. For 

the in vitro study, water-soluble matrix (WSM) from the nacre powder was tested on 
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bone marrow from male rats aged 40-43 days. The results showed that there was bone 

formation surrounding the nacre implant and no inflammation was observed. Bone 

marrow proliferation was reduced when incubated with WSM at a concentration higher 

than 830µg/mL. 

 

 Following the positive results from the above study, an in vivo study was 

performed by injecting ground nacre percutaneously to the vertebrae to investigate the 

effectiveness of nacre in bone repair.79 Nacre was compared with 

polymethylmethacrylate (PMMA), which is commonly used to treat painful lesions in 

vertebral bone. The study suggested that nacre is better than PMMA in inducing 

osteogenesis. Furthermore, PMMA was shown to cause necrosis and massive resorption 

of the trabecular bone. It was demonstrated that nacre provided the beneficial effect 

through diffusion of the organic matrix following dissolution of the aragonite. 

 

Lopez et al. also implanted ground nacre from Pinctada maxima with size about 

50 – 100 µm into a pocket between the dermis and hypodermis on the ventral surface of 

rats at the junction of the thorax and abdomen.77 They argued that nacre would induce 

production of collagen from the cutaneous fibroblasts. Their results indeed showed 

increase secretion of collagens I and III. The inorganic part of nacre, aragonite, was 

thought not to have an effect since the calcium carbonate control in calcite form did not 

produce similar results. It was therefore concluded that the organic matrix of nacre was 

instrumental in inducing collagen secretion. Interestingly, WSM of pearl powder was 

reported to have an ability to stimulate fibroblast mitosis76 which is important in wound 

healing. 
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The same group extracted lipid from the ground nacre of P. margaritifera and 

applied it to artificially dehydrated skin explants.43 The lipids extracted were 

cholesterol, cholesterol sulphate, cholesterol acetate, hydroxylated ceramides, 

nonhydroxylated ceramides, fatty acids, triglycerides and squalene-like lipids. Their 

results suggested that nacre lipids improve the repair of the stratum corneum, although 

it remains unclear which particular lipid is responsible for the effectiveness of the 

repair. 

 

Table 1.3. Summary of studies using nacre or its derivatives for medical purposes. 
No. Title Study Model Results Nacre  
1 Prevention and treatment of myopia 

with nacre on chicks15 
Chicks  
(in vivo) 

Nacre stimulates SOD and 
NOS 

Nacre powder 

2 Stimulation of bone marrow cells 
and bone formation by nacre78 

Sheep 
(in vivo) 

Nacre induces bone 
formation 

Ground nacre 

3 Bone reactions to nacre injected 
percutaneously into the vertebrae of 
sheep79 

Sheep 
(in vivo) 

Nacre is better than PMMA 
in inducing osteogenesis 

Ground Nacre 

4 Stimulation of rat cutaneous 
fibroblast77 

Rats 
(in vivo) 

Nacre stimulates mitosis of 
fibroblasts 

Ground Nacre 

5 Restoration of stratum corneum 
with nacre lipids43 

Skin 
explant  
(ex vivo) 

Nacre lipids improve the 
repair of stratum corneum 

Nacre Lipids 

 

All of the studies above are summarized in Table 1.3. Despite the claims above, 

the active compound has never been identified. Possibilities include the aragonite itself, 

the organic component, or both. However, Lopez et al. have excluded the inorganic 

component, aragonite, as the responsible compound.77 This conclusion was made 

largely because any type of calcium carbonate other than aragonite did not exhibit 

similar results. However, this different result might be due to the different spatial 

arrangement of calcium carbonate. Although it was not explicitly mentioned as calcite, 

calcium carbonate obtained from manufacturers is usually in calcite form as it is the 

most stable polymorph. On the other hand, when nacre as a whole gives a desired 

therapeutic effect, as in the myopia study, it was largely due to the calcium in nacre. 

Thus, questions can be raised as to whether calcium from any source could give the 
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same effect or whether the structure itself is important. Therefore, it is important in any 

study on nacre to compare nacre with at least one other type of CaCO3, such as calcite 

or vaterite.  

 

1.3. Skin 

Skin is composed of 2 layers, namely, epidermis and dermis (see Fig. 1.6). Although the 

hypodermis lies underneath the dermis, it is not part of the skin but contains fat and 

connective tissue and is involved in attaching the skin to bone and muscle. Additionally, 

the hypodermis contains blood vessels and nerves. 

 

 
Figure 1.6. Skin structure.82 There are 2 layers in skin, namely epidermis and dermis. 
 

Skin injury is a daily occurrence that ranges from bruises, scratches, cuts or 

burns. While bruised and scratched skin normally heals with time on its own, cut or 

burnt skin may require further treatment.  
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1.3.1. Structure and Function 

1.3.1.1. Epidermis  

Epidermis is composed of the following strata from inner to outer, namely, stratum 

basale, stratum spinosum, stratum granulosum and stratum corneum (see Fig. 1.7). In 

specific areas such as the soles of the feet or palms of the hand, there is another stratum 

called the stratum lucidum in between the granulosum and corneum. Keratinocytes are 

the major cell type that makes up approximately 95% of the cells of the epidermis.83 

The remaining 5% of the epidermis is populated predominantly by Langerhans cells, 

Merkel cells and melanocytes.84 

 

 
Figure 1.7. Anatomy of epidermis.85 Epidermis is made of a number of strata from 
stratum basale at the very deep end to stratum corneum at the most superficial end. 
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1.3.1.2. Dermis 

 
Figure 1.8. Cross section of the dermis.86 Dermis is a vascularised layer that nourishes 
both dermis and epidermis layers. The zoom out shows an example of how the blood 
vessel provides nutrients to the epidermis. 
 

The epidermis does not have blood vessels to nourish itself, i.e. it is avascular.87 Thus, it 

needs the dermis as a connective tissue to provide nourishment. In addition to blood 

vessels, the dermis also contains sweat glands, hair follicles and nerve endings (see Fig. 

1.8). The dermis is filled up by collagen and elastin. Both proteins are produced by 

fibroblasts.88 Collagen provides strength against strain and traction. Elastin is 

interwoven amongst collagen fibres to provide resilience and suppleness.89 The 

relationship between collagen and scarring will be discussed later in section 1.4.5.  
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1.3.2. Cell Types 

1.3.2.1. Keratinocytes 

 
Figure 1.9. Keratinocytes homeostasis.90 Keratinocytes are continuously produced in 
stratum basale and then undergo differentiation upward through stratum spinosum and 
stratum granulosum. The aging keratinocytes are building up stratum corneum. 
 

Homeostasis in the epidermis is maintained by constant proliferation and differentiation 

of keratinocytes (see Fig. 1.9).90 Keratinocytes proliferate through mitosis in the stratum 

basale.5 Some keratinocytes undergo differentiation first in the stratum spinosum and 

later in the stratum granulosum.5 As they differentiate, keratinocytes start producing 

keratins in the stratum spinosum.91 Keratins provide skin with its waterproof 

feature92,93, and thus maintain its integrity. In the stratum granulosum, keratinocytes are 

granulated with keratohyalin.94 Keratohyalin helps the keratins produced in stratum 

spinosum to be bound together.95 When these granulated keratinocytes migrate toward 

the surface and reach stratum corneum, they produce lamellar bodies.96 These bodies 

form a hydrophobic layer that gives skin its barrier nature.97 As a result of the lamellar 

body production, keratinocytes become anucleated and transform into corneocytes.96 
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They are non-viable keratinocytes that form the stratum corneum.5 Corneocytes are 

shed as new dead cells migrate outwards. The removal of corneocytes is called 

desquamation.96 

 

Primary cell lines are often difficult to obtain and maintain. Therefore, a cell line 

is usually used as a model when investigating the potential effects of specific 

compounds, such as nacre. In order to solve this problem for keratinocytes, Boukamp et 

al. stimulated spontaneous transformation of human skin keratinocytes in different 

culture conditions, one of which gave rise to the HaCaT cell line.98 HaCaT cells have a 

stable DNA fingerprint, which was proven by identical DNA fingerprints from passages 

6 to 79.98 HaCaT cells, though immortalized, retain the capacity for normal 

keratinisation and retain many of the phenotypic features of primary keratinocytes.98 

HaCaT cells are therefore a good model for the study of the impact of nacre on skin 

epithelial cells. 

 

1.3.2.2. Fibroblasts 

Similar to keratinocytes in the epidermis, fibroblasts are the largest cell population in 

the dermis.99 The principal function of fibroblasts is to maintain structural integrity of 

connective tissue, thus they constantly secrete precursors for extracellular matrix.100,101 

Collagen is one of the macromolecules secreted by fibroblasts. Collagen etymology 

comes from two Greek words, κσλλα (kólla) means “glue” and the suffix -γεν (-gen) 

means producing.102 The etymology describes collagen function as glue between two 

tissues such as skin and muscle or muscle and bone. 
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1.3.3. Collagen in Cosmetics 

Collagen in skin provides its strength, integrity and flexibility.103 Collagen is constantly 

synthesized and degraded, but aging shifts the balance toward degradation.104 UV 

radiation indirectly causes lower amounts of collagen synthesis by many pathways such 

as reduction of procollagen mRNA and stimulating production of matrix 

metalloprotease mRNA.105 The consequence of aging to skin is visibly apparent in that 

it loses its aesthetic properties, resilience and elasticity, resulting in loose skin and the 

most obvious sign of aging, wrinkles.106 People have always been acutely aware of their 

appearance, and today anti-aging supplementation and skin care has become a multi-

billion dollar industry.107 In order to quench customer needs, the industry funds 

substantial research to prevent skin from aging or to reduce the signs of aging.106 In 

2012 it was reported that the total market for anti-aging products and services was 

valued at US$249.3 billion.107 Even Google Inc founded Calico a biotechnology 

company to cure aging.108  

 

Many studies approach the problem of skin aging by introducing exogenous 

collagen, procollagen, or molecules that can affect of the metabolism of collagen. Choi 

et al. reported that the extract from Labisia pumila is able to up-regulate the synthesis of 

collagen in human foreskin fibroblasts following UV radiation.105,109 An exogenous 

collagen cross-linker has been reported to be able to recover tendon functional 

integrity.110 Kippenberger claimed that bovine milk induces collagen 1 A1 synthesis by 

activating signal transducers and activators of transcription 6 (STAT6).111 Similarly, 

Obayashi et al. reported that exogenous nitric oxide (NO) increased collagen type I 

production by up-regulation of pro-collagen I mRNA.112 
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In the clinic, bovine collagen has been used as a filling agent to temporarily 

replace collagen that is degraded with age.113 A French-based skin care company, 

Sederma SA, claims that a fragment of alpha-procollagen I, KTTKS, that is conjugated 

with palmitoyl could diffuse through the stratum corneum and increase collagen type I 

synthesis.114. Although it has been marketed as Matrixyl this claim needs to be validated 

by an independent study. In a clinical study, conjugated linoleic acid (CLA) is reported 

to increase procollagen I production and subsequently improve cellulite grading by 

dermatologists after 8 and 12 weeks.115 Extract from amla (Emblica officinalis Gaertn.), 

an Indian medicinal plant, another common ingredient in skin care is reported to be able 

to control collagen metabolism by suppressing production of matrix metalloproteinase-1 

(MMP-1) and up-regulating tissue inhibitor of metalloproteinase-1 (TIMP-1).116 The 

last claims need to be verified further by an in vivo study. In brief, a methodical 

approach is necessary to examine the safety and efficacy of a substance in relation to 

collagen production prior being used in cosmetics.  

 

1.4. Wound Healing 

As mentioned at the beginning of this chapter, skin serves as a protective barrier for the 

body. If the integrity of skin is compromised, it has to be repaired in a timely manner in 

order to prevent infection, major disability or even death. Wound healing is a complex 

process that can be divided into 3 phases that overlap, namely: inflammation, re-

epithelialisation and remodelling (see Fig. 1.10).  
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Figure 1.10. Wound healing phases.117 There are three phases with distinct activities 
for each phase but yet might overlap in time. 
 

1.4.1. Inflammation 

When skin is wounded, the first response is to reach homeostasis. Fig. 1.11 depicts the 

processes that occur during this stage. Forming a clot prevents further blood loss. The 

clot is made of fibrin fibres derived from fibrinogen.118 The fibrin clot serves as a 

landmark for the circulating inflammatory cells such as neutrophils and monocytes to 

migrate to the wound bed.119 Neutrophils usually arrive within minutes after injury and 

recent findings suggest that neutrophils send out signals to activate surrounding 

keratinoytes and fibroblasts.120 Monocytes and macrophages are vital for successful 

wound healing.121 Macrophages release a group of growth factors and cytokines, such 

as fibroblast growth factor (FGF)122, transforming growth factors-α and -β1 (TGF-α 

and TGF-β1)123, vascular endothelial growth factor (VEGF)124, platelet derived growth 

factor (PDGF)125 and interleukins (IL-1α and IL-1β).120 These molecules enhance the 

early inflammation signal to recruit more inflammatory cells.119 Another important task 

of macrophages is debridement of the wound site, so the wound site can be re-

epithelialised without hindrance.  
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Figure 1.11. Inflammatory phase. Blood clotting happens at this phase, immune cells 
such as neutrophils are recruited to site and proinflammatory mediators are secreted into 
the wound.126  
 

1.4.2. Re-epithelialisation 

Re-epithelialisation begins immediately after injury. Intercellular desmosomes, which 

lock cells with each other, are dissolved to allow keratinocyte migration.127 The 

dissolution includes hemidesmosomes that are used by keratinocytes to attach 

themselves to the basal lamina.119 Keratinocytes become flatter and more elongated and 

they form peripheral cytoplasmic actin filaments.128 Integrin receptors are expressed by 

keratinocytes and rearranged in a manner that allows them to interact with the 

extracellular matrix components, such as fibronectin and vitronectin, in the wound 

site.129 The arrangement of integrin receptors dictates the course of keratinocytes in 

separating the viable cells from the dead ones.130 The keratinocytes that have reached 

the wound margin begin to proliferate, while at the same time other keratinocytes 

migrate to find other edges and some other keratinocytes at the wound edge are in hyper 

proliferative state.130 When a layer of keratinocytes has been formed, the migration 

ceases and keratinocytes revert back to their normal morphology with firm attachment 

between cells and the underlying dermis.119 
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Figure 1.12. Re-epithelialisation phase. Keratinocytes are in proliferative and 
migratory states until one layer of keratinocytes is formed. 126 

 

The fibroblasts on the wound margin start to proliferate after being stimulated 

by FGF, released by neutrophils at the wound site. After 4-5 days post-injury, the 

fibroblasts migrate through the provisional matrix into the fibrin clot. Fibroblasts then 

replace the provisional matrix with new extracellular matrix, which is rich with 

collagen.131 TGF-β1 is important to promote this activity.132 The fibroblast-rich matrix 

is gradually replaced with collagen-rich matrix and becomes a scar.130,132 

 

 Although re-epithelialisation begins within hours after injury, the epidermal 

cells at the wound margin only proliferate after 1-2 days post injury.130 The re-

epithelialisation process in adult skin might take between 5 days to 3 weeks (see Fig. 

1.10). Wound healing in adults results in scar formation.133 In contrast, foetal skin has 

an ability to regenerate.134 Foetal skin also heals rapidly within 1-7 days.133 This fact 

leads to a notion that the time duration for re-epithelialisation is crucial in determining 

the appearance of the scar at the end of wound healing: the shorter the time, the better 

the quality of healing or less likely-hood of scarring. Therefore, numerous studies have 

been performed to find substances or molecules that can accelerate migration of either 

the epidermal keratinocytes or the dermal fibroblasts or both. 
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1.4.3. Remodelling 

 
Figure 1.13. Remodelling/maturation phase. In this phase collagen structure is 
remodelled and wound is contracted.126  
 

The remodelling phase is the last phase of wound healing that starts once the re-

epithelialisation has ceased and can last up to years. It was mentioned above that the 

provisional fibroblast-rich matrix was replaced with collagen-rich matrix. The goal of 

this phase is to remodel this collagen-rich matrix to minimize scar (see Fig. 1.13).  

 

Scarring is not only unaesthetic but also does not have as much strength as 

normal skin. The maximum tensile strength of scar is only approximately 70% 

compared to the strength of normal skin.135,136 The architecture of collagen in scars 

comprises poorly constructed parallel bundles, unlike the basket-weave arrangement in 

unwounded skin (see Fig. 1.14)119. Therefore, many studies have aimed to find 

molecules or substances that can prevent the alignment of collagen bundles in parallel. 

For example, Shah et al. prevented scar tissue formation by injecting neutralizing 

antibody to TGF-β to the margins of healing dermal wounds in adult rats.136 The treated 

wound had less collagen than the control and a more normal architecture.136 

Accordingly, Chapter 4 will investigate the effect of nacre or components of nacre on 

the amount of collagen produced and collagen architecture. 
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Figure 1.14. Collagen arrangement in scar and normal tissue.137 Collagen is more 
aligned to each other in scar tissue (A) compared to a disorder pattern in normal tissue 
(B). Magnification x100. 
 

1.5. Summary 

Nacre has been widely used for cosmetics and medicinal purposes. However, 

information regarding the uniformity of particle size and a protocol for nacre 

preparation are limited or not readily available to the public. Thus, it is currently 

difficult to compare different studies using nacre. There is also no systematic study 

regarding the toxicity of nacre on skin cells, despite the fact that it has been used 

extensively in cosmetics. Therefore developing well characterized nacre preparation 

methodology and a systematic investigation of the potential effects of nacre components 

on skin cells is required to determine whether nacre is potentially beneficial as a 

cosmetic or therapeutic for wound repair. 
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1.6. Experimental Design 

Oyster shell is made up of the same nacre as the pearl itself. While pearl is regarded as 

an expensive gem, the shell is regarded as waste. In the current study, nacre from the 

shell of P. margaritifera will be used to investigate the potential of nacre in wound 

healing. The main concern of adult wound healing is excessive scarring. Therefore, this 

study will first explore the best preparation of nacre to be used on skin cells – addressed 

in Chapter 2. Then, the toxicity of prepared nacre will be assessed in immortalized 

keratinocytes (HaCaT) and immortalized fibroblasts (NIH/3T3) – addressed in Chapter 

3. Subsequently, the potential of nacre or specific components of nacre to minimise 

scarring in an in vitro experimental model of wound healing will be explored – 

addressed in Chapter 4.  

 

1.6.1. Hypothesis 

Nacre contains organic and/or inorganic elements that are beneficial either for cosmetic 

use or to enhance wound healing.  

 

 

 

 

 

 

 

 

 

 

 



	   27	  

1.6.2. Specific Aims 

Chapter 2 

Aim 1: To develop a reproducible and reliable method of nacre preparation for 

toxicity testing 

Questions : What are the parameters required to produce a consistent particle size? 

   What are the parameters that result in minimal contamination? 

   

Chapter 3 

Aim 2: To determine whether nacre is toxic to skin cells in vitro using immortalized 

human keratinocytes (HaCaTs) and immortalized mouse fibroblasts (NIH/3T3) 

Questions :  Is nacre toxic to skin cells? 

Does heavy metal contamination from the ball milling decrease cell 

viability? 

Do different nacre preparations result in different viability? 

 

Chapter 4 

Aim 3: To investigate the effects of nacre on wound repair in vitro. 

Questions : Does organic component of nacre increase the migration rate of  

  fibroblasts and keratinocytes? 

Does organic component of nacre reduce the amount of collagen type I 

deposited by fibroblasts? 

Does organic component of nacre increase the randomness of collagen 

type I orientation to a more ‘normal’ structure? 
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Chapter 2: Optimization of Nacre Tablet Preparation - 

Generation of Uniform Nacre Tablets 

 

2.1. Introduction 

In recent years, there have been several studies in the literature reporting the application 

of nacre in the cosmetics industry1 as well as a potential therapeutic in wound healing.2 

In particular Lee et al. have shown that water soluble components of nacre are able to 

promote wound healing in porcine skin with deep second degree burns.3 However, to 

date, to the best of the author’s knowledge, there have been no reports on using the 

inorganic component of nacre, i.e. aragonite, for personal skin products or wound care 

dressings.  

  

 One of the key issues in comparing different studies that use nacre is the lack of 

consistency in the preparations, for example in terms of size of the particles and 

composition, as well as information about contamination. The production of more 

consistent preparations will allow more accurate measurements of safety and efficacy. 

The main focus of this thesis is to determine whether nacre is safe to be used as a 

product in personal skin products and/or wound care dressings and whether there are 

beneficial effects of using nacre.  

  

 As described in the Introduction, nacre is composed of both organic and 

inorganic components.4 There are therefore a number of different types of preparations 

that can be produced i.e. those containing exclusively the inorganic components, the 

organic ones or a mixture of both. The simplest and most straightforward preparation 

method uses grinding with a mortar and pestle to physically break down the nacre. The 

products generated by this method still have both organic and inorganic components. 
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Pure aragonite tablets have been previously produced from nacre by dissolving the 

organic matrix in shell nacre using an ionic liquid, n-butyl-3-methylimidazolium 

hexafluorophosphate [BMIM][PF6].5 In order to separate the organic matrix, nacre is 

usually decalcified with acid, such as formic acid, acetic acid or ethylenediamine tetra-

acetic acid (EDTA).6,7 Alternatively, some of the organic components that are water 

soluble can be obtained through water extraction.8 Using purified water to extract the 

organic component has greater merit as some proteins might become denatured in the 

presence of acid. On the other hand, not all of the organic components in the matrix are 

soluble in water. 

 

2.2. Production of nacre powder through grinding 

In the historical examples given above, descriptions of nacre preparations are not 

available. However, nacre was presumably ground manually using a mortar and pestle 

but the uniformity of the particle size or lack thereof is unknown.  In the current 

industrial era, processing devices are employed to grind nacre.  

 

Table 2.1. Preparations of nacre through grinding.  
No. Author Year Preparation Method Product Size 
1 Lamghari et al.9 1999 Grinding with unknown machine 50-150 µm 
2 Lopez et al.10 2000 Grinding with unknown machine 50-100 µm 
3 Rousseau et al.11 2006 Grinding with unknown machine 50-100 µm 
4 Chen et al.12 2008 Dry cryo-nanonization grinding 84nm-29 µm* 
5 Drai and Guillot13 2011 Planetary ball-milling <100 nm 
* 84 nm is a mean diameter for nanonized pearl powder, 29 µm is mean diameter for 
micronized pearl powder. 
  

 Table 2.1 summarises a number of publications reporting the preparation of 

nacre using various grinding methods. The products have particle sizes ranging from 

150 µm to less than 1 nm. To put this in context, natural nacre aragonite tablets are 

approximately 5 – 15 µm in diameter.14 In order to produce desired effects in the dermal 

layer, nanoparticles may need to cross the epidermis. Theoretically, for nacre powder to 
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be effective as skin care, the particle size needs to be smaller than 40 nm to be able to 

penetrate epidermis.15 This penetration would be important for the nacre to have a direct 

interaction with dermal cells and therefore a direct effect on their activity. However, it 

may be that non-penetrating particles could have an indirect effect through the 

keratinocytes or other physical changes to the skin environment. Additionally, Bos and 

Meinardi argued that the molecular weight of a compound must be smaller than 500 

Daltons to allow skin absorption through stratum corneum in the epidermis.16 Thus, the 

molecular weight of any organic molecules from nacre should be less than 500 Daltons 

for skin absorption. Alternatively, nacre particles could be absorbed through skin 

appendages, especially hair follicles.17 Through this pathway, particle size can be much 

larger than 40 nm depending on the size of the hair follicle which can vary depending 

on the site in the body.18 The size is certainly larger than the aragonite tablet size 

mentioned above (nacre tablet: 5 – 15 µm vs average of hair follicles in forehead: 66 

µm). See Fig. 2.1. Therefore, whole aragonite tablets might be absorbed through hair 

follicles, whereas the finer powder that is smaller than 40 nm might be absorbed both 

through hair follicles and corneal layers. 

 

 

Figure 2.1. Diameter of hair follicle orifices on seven body sites.18  
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 From Table 2.1 the method used by Drai and Guillot was the closest one to the 

size requirement of <40 nm to penetrate the epidermis, and this was achieved using 

planetary ball milling.13 The first three examples from Table 2.1 had their samples 

prepared by the Center for Technology Transfer in Ceramics in France. Their product 

size range is much larger than the size range of the aragonite tablets (product size : 50 – 

150 µm vs nacre tablet: 5 – 15 µm). The fourth study produced nacre particles that were 

either much smaller or larger than aragonite tablets, whilst the final study listed is a very 

fine powder. There is no universally accepted protocol to produce nacre aragonite tablet 

that allows direct comparison to other research. Therefore, a systematic study was 

undertaken to produce aragonite tablets of an appropriate size range for use on skin and 

wound healing and with minimal contamination for use in safety and efficacy studies of 

nacre. 

 

2.3. Contamination 

Heavy metals are a non-degradable pollutant in many types of environment, such as 

aquatic19, agricultural soil20 and air.21 There are many activities that could contribute to 

heavy metal pollution in seawater, such as offshore mining22, industrial discharges23 or 

accidental spillage of gasoline.24 Marine organisms ingest heavy metals and 

bioaccumulate them.25 Oyster beds are naturally vulnerable to this contamination.23 

Additionally, oysters that are grown in polluted environments might accumulate heavy 

metals,26 such as lead and cadmium, in their shells.26,27 Oysters obtain the raw inorganic 

materials for their developing shells from their surrounding water, which might include 

heavy metals. Heavy metal levels in oyster shells could become a pollution indicator of 

their environment.28 Indeed, Thompson et al. have reported that heavy metals affect the 

functionality of oyster proteins.29 Besides the above mentioned sources of pollution, 

heavy metals could also be introduced into marine products during canning processes.30 
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In the present study, heavy metals could also be introduced from the wear of the 

grinding balls or the grinding bowl. Of the five examples given in Table 2.1 only Chen 

et al. claims that their nacre preparations were free from heavy metals (As, Pb, Cd and 

Hg) based on atomic absorption spectrometry (Model Analyst 600, PerkinElmer, 

Washington, D.C., U.S.A.).12 In the present study, inductively coupled plasma mass 

spectrometry and atomic emission spectrometry (ICP MS-AES) were used to detect and 

quantify the presence of heavy metals. 

  

 We have recently published a protocol describing a planetary ball-milling 

technique that was developed for producing nacre preparations of a consistent size and 

with minimal contamination, as part of this thesis.31 The planetary ball milling 

technique was chosen because it was used to generate the finest powder as summarized 

in Table 2.1. In this Chapter, additional details of the ball milling technique, 

optimization of the process and the properties of the nacre preparation, which 

complement the paper, are described. 

 

2.4. Planetary Ball-Milling 

In 1907, Ricketts used a porcelain ball-mill to crush blood cells.32 In 1933, Krueger 

introduced a new type of ball-mill that operates under aseptic conditions to macerate 

bacteria (see Fig. 2.2).33 Furnstal introduced a portable ball mill 2 years later34, which 

was later built and commercialized by Quill (see Fig. 2.3).35  



	   42	  

 
Figure 2.2. Apparatus with the grinding unit rotated to the horizontal position 
locked in place.33 
 
 

 
Figure 2.3. Ball milling. a) Diagram by Furnstal. Upper left, cross section of container. 
Upper right, end view of container. Lower, top view of rotating shaft assembly.34 b) 
Ball mill built by Quill according to the diagram.35  

 

Ball milling relies on the balls imparting force on the subject particles. The 

name “planetary’ was derived because the equipment construction resembles a 

planetary gear. The grinding jar rotates on its own axis but at the same time also 

revolves around an axis (see Fig. 2.4).36 In order to minimize denaturation of proteins, 

which is common in ball-milling37,38, a number of factors need to be taken into 

consideration in developing and optimizing the ball-milling process. The rationale for 

the choice of ball-milling materials is described below in section 2.5 while the 

adjustment of milling parameters is described in section 2.6. 
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Figure 2.4. Diagram of planetary ball milling.36  

 

2.5. Choice of materials for ball milling 

There are seven types of material available from Fritsch GmbH to choose for the 

milling bowl and balls, namely agate (SiO2), sintered corundum (99.7% Al2O3), silicon 

nitride (Si3N4), zirconium oxide (ZrO2), stainless steel (Fe-Cr-Ni), tempered steel (Fe-

Cr), and tungsten carbide (WC). A number of properties need to be considered when 

choosing the type of material for the bowl and milling balls, namely abrasion resistance, 

suitability for samples with different degrees of hardness, brittleness and fibrosity, as 

well as cost and availability (Table 2.2). In addition, to minimize contamination, the 

material used for the bowl must be the same as that used for the balls. As a general 

principle, materials for the bowl need to be harder than the sample to be ground.39 
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Table 2.2 Type of material for planetary ball milling. Adapted from www.fritsch-
milling.com39 
No Material  

(Mineral hardness) 
Abrasion 
Resistance 

Physical properties of 
samples 

1 Stainless Steel – Fe-Cr-Ni 
(5.5 – 6.3 Mohs40) 

Fairly Good Medium-Hard, Brittle 

2 Sintered Corundum 99.7% Al2O3 
(9 Mohs41) 

Fairly Good Medium-Hard, Fibrous  

3 Agate – SiO2  
(6.5 – 7 Mohs42) 

Good Soft to Medium-Hard 

4 Tempered Steel – Fe-Cr  
(7.8 – 8.5 Mohs40) 

Good Hard, Brittle 

5 Zirconium Oxide – ZrO2  
(11 Mohs43) 

Very Good Fibrous, Abrasive 

6 Tungsten Carbide – WC  
(9 – 9.5 Mohs44) 

Very Good Abrasive  

7 Silicon Nitride – Si3N4  
(8.5 Mohs44) 

Excellent Abrasive, Metal Free 
Grinding 

 

Materials with high abrasion resistance are required to prevent sample 

contamination. Once worn, the bowl and/or the ball need to be replaced and the cost of 

replacement can be substantial. For example, in 2011, the quote for a stainless steel 

grinding bowl for this project was $2110. Additionally, different materials have 

different prices for the same item. For example, the stainless steel grinding balls were 

quoted at $4 each for 5 mm balls and $23 each for 20 mm balls. In contrast, for the 

same ball sizes, zirconium oxide grinding balls were quoted at $6 and $183 

respectively. For the current study on milling nacre, which is a relatively hard 

material45, agate (SiO2), sintered corundum (99.7% Al2O3), stainless steel (Fe-Cr-Ni) 

and tempered steel (Fe-Cr) balls were eliminated because their abrasion resistances are 

not sufficient to crush nacre. Silicon nitride (Si3N4) balls have the best abrasion 

resistance. They have the advantage of metal free leftover, as the material does not 

contain any metal. This means that even if the balls are worn, the wear-off does not 

contain any metal. Tungsten carbide (WC) and zirconium oxide (ZrO2) balls have 

similar abrasion resistance and are both suitable for abrasive samples such as nacre. 

However, the prices for Si3N4 and WC are almost double that of ZrO2 and their use 
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would reduce the ability to give added value to oyster shell that is treated as waste by 

the pearling industry. Nevertheless, an advantage of ZrO2 is that it is readily available 

in-house. It was therefore decided to use ZrO2 in this study. The next step was to 

optimize a number of parameters to ensure the consistent production of nacre particles. 

Our findings can be directly compared with those of Drai and Guillot (see Table 2.1) 

who also used ZrO2 in their work on the processing of shell nacre.13 

 

2.6. Optimization of milling parameters 

All ball-milling parameters, namely volume of excipient, sample size, grinding ball size, 

number of balls, speed and duration were assessed systematically. The aim of 

optimization is to maximize yield, ensure a uniform particle size distribution and 

minimize contamination and cost of processing. These six parameters were thus varied 

systematically (one at a time) to gain insight into the particular effect of each individual 

parameter on the milling process. The unit and variance for each parameter is tabulated 

in Table 2.3.  

 

Table 2.3. Milling parameters 
No Parameter Unit Variance 
1 Volume of excipient mL 5 to 30 
2 Sample size Gram 0.1, 5, 10, 15 and 20 
3 Grinding ball size mm 5 and 20 
4 Number of balls -- 2 to 4 for 5 mm and 200 for 20 mm 
5 Speed Rpm 200, to 1000 
6 Duration Minute 1 to 1440 

 

2.6.1. Volume of excipient 

The first parameter that will be discussed is the volume of excipient (Milli Q water). 

The grinding bowl volume used is 80 mL, and thus the total volume of sample, grinding 

balls and excipient should not exceed this volume. Grinding balls 5 mm in diameter 

have a volume of 0.065 mL, so 200 would occupy about 13.0 mL of the space. Each 20 
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mm grinding ball has a volume of 4.19 mL.  So, use of 2, 3 or 4 of 20 mm balls would 

take 8.38, 12.57 or 16.76 mL respectively. 

 

Table 2.4. The effect of changing volume of excipient to yield. * indicates yield is 
definitely contaminated. 
Ball Size 

(mm) 
Number 
of Balls 

Speed  
(rpm) 

Duration 
(min) 

Excipient 
(mL) 

Sample 
Size (g) 

Yield 

20 4 400 120 5 5 82% 
20 4 400 120 15 5 96% 
20 4 400 120 30 5 98% 
20 4 600 120 5 5 94% 
20 4 600 120 15 5 112%* 
20 4 600 120 30 5 117%* 

 

 Table 2.4 shows the effect of increasing volume of excipient relative to yield of 

the product. There are two groups of data, the first three rows were milled at 400 rpm 

and the second three rows were milled at 600 rpm. There is an increasing trend of yield 

for both groups, which can be considered as a positive outcome. Yields of greater than 

100% (* in Table 2.4) raised the question of the origin of the extra yield. The most 

parsimonious explanation is that it was derived as a result of contamination in the form 

of degraded ZrO2 balls (see Fig. 2.5). Such contamination was confirmed by X-Ray 

Diffraction (XRD) analyses, with asterisked samples contaminated with zirconium, in 

the form of zirconia. The XRD analyses of the fifth and sixth experiment in Table 2.4 

are depicted in Figs 2.5a and b respectively. It is possible that excess amounts of 

excipient created more space for nacre and the grinding ball to move around. 

Consequently, the chance for a collision between the grinding ball and nacre is lowered. 

Conversely, the chance to have collision of grinding balls with each other is increased. 

In order to provide a pivotal point for other experiments, the volume of excipient is 

suggested to be in 1:1 proportion with the sample size.31 It is assumed that the density 

of nacre is 1 g/mL. For example, the volume of excipient for 5 and 15 g sample sizes 

are 5 and 15 mL respectively. 
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Figure 2.5. XRD analysis confirms zirconium contamination on both fifth (a) and 
sixth (b) samples. Orange peaks indicate the total peaks; Blue peaks indicate aragonite 
peaks; Green peaks indicate zirconium peaks. Heights of the peaks correspond to peak 
intensities. 
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2.6.2. Sample size 

The first sets of ball milling experiments were performed using a sample size of 0.1 g of 

crushed nacre. At the time of starting these experiments, there was no published 

literature on which to base the protocols. A post-doctoral fellow in the group was using 

0.1 g of crushed nacre for an ionic liquid experiment.5 Since this weight had already 

proven suitable in an ionic liquid extraction process, it was initially selected for 

experimentation in the ball milling process. It was noticed that experiments with speeds 

greater than 500 rpm resulted in a yield of powder that was greater than 0.1 g, i.e. the 

initial weight of the nacre sample. This fact indicated that the material from the grinding 

balls had been worn off, adding to the final product weight. Proof of this contamination 

was obtained when the size of the balls that were used for experiments were compared 

with unused balls by measuring diameter with a vernier calliper. The balls size reduced 

dramatically from 5 mm to 3 mm diameter (40% reduction) presumably due to 

numerous collisions with each other rather than crushing shell nacre between them, to 

reduce the likelihood of fragmenting the balls.  
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Figure 2.6. SEM image of milled nacre contaminated with ZrO2. Insert at top left 
shows elemental analysis of the scan. Parameters: 100 mg of nacre, 200 of 5 mm balls, 
500 rpm, 2 hour and 20 mL of Milli Q water. 

 

Both milled nacre powder itself and zirconium oxide that was worn off the balls 

during grinding are white in colour and it is not possible to distinguish the nacre from 

the zirconium oxide by visual inspection. However, one practical protocol developed 

was to stir the powders in water. In the presence of zirconium oxide powder, the 

appearance of the suspension changes from colourless to milky white and indeed this 

change was observed in these experiments and clearly indicated the presence of 

zirconium oxide. However, more accurate qualitative and quantitative analyses were 

needed. Fig. 2.6 shows a scanning electron microscope (SEM) image of milled nacre 

that was contaminated by zirconium oxide from the grinding balls. The red arrows in 

the image are pointing to white areas, which were suspected to be the contaminant 

(ZrO2). Energy dispersive x-ray spectroscopy (EDS) that was coupled to the SEM 

provided elemental analysis that confirmed the presence of Zr. See insert of Fig. 2.6. 
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The presence of chlorine can be explained since the shells were grown in a saline 

environment. 

 

After establishing that 0.1 g was too small a sample size, which led to a highly 

contaminated product, the sample size was increased dramatically. Increasing the 

sample size will increase the ball-to-nacre collision and therefore reduce the ball-to-ball 

collision. Lower wear from the grinding balls should thus lower contamination. In 

addition, increasing the sample size should itself result in a higher yield of nacre 

powder. In order to use the space in the grinding bowl efficiently, the sample size must 

be increased as much as possible. The grinding bowl volume is 80 mL. It has been 

mentioned in section 2.6.1 that 200 balls with 5 mm diameter would occupy 13 mL of 

space, while 2 to 4 balls with 20 mm diameter would occupy space roughly between 8 – 

17 mL. In order to simplify the calculation, 20 mL of space was allocated for the balls, 

with 60 mL available for shell nacre and movement of the balls. Half of it was allocated 

for air and the other half, 30 mL was allocated for the sample size and the volume of 

excipient. As it was suggested to use a ratio of 1:1 between the volume of excipient and 

sample size31, therefore it was decided to use 15 g nacre and 15 mL of Milli Q water for 

all subsequent experiments. 

 

2.6.3. Grinding ball size  

There are two sizes of grinding balls that were used in the experiments, namely 5 and 20 

mm. There are a number of factors that need to be considered before selecting the 

grinding ball size which are summarized in Table 2.5. 
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Table 2.5. Comparison between 5 mm and 20 mm grinding balls. 
 5 mm 20 mm 

Number 200 2, 3 or 4 
Individual Price $6 $183 

Total Price $ 1,200 $366, $549 or $732 
Maintenance Take longer time to clean Take shorter time to clean 

Impact on collision Small Large 
 

 There were 200 balls used for experiments using 5 mm balls, while only 2 – 4 

balls were used for the similar experiments with 20 mm balls. As mentioned above, for 

ZrO2 balls the price for 5 mm ball in 2011 was $6 each and for 20 mm ball $183 each 

with the latter being 30 times more expensive. However, many more balls are needed 

when using the smaller balls. The procurement of 200 balls of the 5 mm ones would 

cost $1,200, whereas 3 and 4 balls of the 20 mm ones would only cost $549 and $732 

respectively. In brief, it is more economical to use 20 mm balls. As a reminder, the 

nacre used in this study was provided free of charge from Pearl Technology Pty Ltd, as 

it was an industrial waste. This study has the potential to add an economical value to 

this industrial waste with minimum expense. Therefore, an expensive processing step 

should be avoided. 

  

Once the milling process had been completed, the product was a paste. 

However, the balls were embedded in the paste and needed to be recovered, washed and 

then dried for re-use. Loss of nacre was minimized by removing the balls from the bowl 

one-by-one and washing them individually, making sure that they did not carry any 

milled nacre with them. This was time consuming, each ball taking ~15 seconds, a total 

of at least 50 minutes for 200 balls. The same process with 2-4 large balls took 

substantially less time. Unless, this process could be automated in an industrial setting 

and the yield is directly proportional to the number of balls used, then the use of fewer 

numbers of balls should be encouraged. It was therefore important to compare the yield 

derived from using the small versus the large balls and select the most effective and 
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efficient process. Table 2.6 compares the yields between similar experiments with 

different numbers and sizes of grinding balls. From this table we can see that 2 x 20 mm 

balls produced very low yield. Interestingly, addition of one extra 20 mm ball gave a 

yield that was higher than 200 x 5 mm balls. Further addition of another 20 mm ball did 

not improve the yield greatly. The conclusion was that 20 mm balls are preferred to 

maximize the yield as well as the efficiency in terms of reducing the time taken to wash 

nacre from individual balls. 

 

Table 2.6. Comparison of yield between similar experiments using 5 and 20 mm 
balls. 

Ball Size 
(mm) 

Number of 
Balls 

Speed  
(rpm) 

Duration 
(min) 

Excipient 
(mL) 

Sample Size 
(g) 

Yield 

5 200 400 120 15 15 70% 
20 2 400 120 15 15 39% 
20 3 400 120 15 15 77% 
20 4 400 120 15 15 83% 

 

2.6.4. Number of balls  

There are strengths and weaknesses in using more balls. For each experiment, all balls 

were coated with a small amount of nacre paste, which needed to be washed off during 

the recovery process. Washing the nacre paste off the ball inevitably resulted in some 

reduction of yield each time a ball was recovered. Thus, using more balls means there 

will be more nacre paste being lost in the recovery process. However, as shown by 

Table 2.6 above having more balls does not necessarily lower yield. The yield increased 

from 39% to 77% then to 83%, when the number of balls used was added from 2 to 3 

then to 4. The function of the grinding ball is to crush the nacre with force. 

Consequently, more balls should give higher yield.  
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Table 2.7. Zirconium level contamination obtained through ICP MS-AES. The unit 
is given in ppm. Yield percentage is given in the bracket. 

Parameters Number of 20 mm ball 
Size Speed Duration  Volume 3 4 
15 g 400 rpm 2 hours 15 mL 25.1 (77%) 1600 (83%) 
15 g 600 rpm 2 hours 15 mL 2110 (79%) 5420 (87%) 

 

 From section 2.6.1 it is concluded that there is a relationship between sample 

size and the number of balls present. If the sample size is too small then the grinding 

balls collide and wear each other down instead of crushing the nacre. When this occurs, 

the milled nacre becomes contaminated with fragments of the balls. Table 2.7 gives the 

contamination level of zirconium for 2 examples where the use of three rather than four 

20 mm balls results in lower Zr contamination. Zirconium levels were obtained using 

inductively coupled plasma mass spectrometry and atomic emission spectrometry (ICP 

MS-AES). In the first example, the zirconium level was increased enormously from 

25.1 to 1600 ppm just by adding 1 extra grinding ball but the yield was only increased a 

little from 77 to 83%. In the second example, zirconium level was more than doubled 

from 2110 to 5420 ppm and the yield but again the yield was only increased a little 

from 79 to 87%. There was thus substantial increment in zirconium contamination due 

to 1 additional ball.  

 

The data in Tables 2.6 and 2.7 provide evidence for the advantages and 

disadvantages of using more balls. Table 2.6 shows that increasing number of balls 

increases the yield substantially, as in the case from two to three 20 mm balls. It can 

also decrease the yield, as in the case from three to four 20 mm balls. Table 2.7 shows 

that having more balls results in the presence of more contamination from degradation 

of the balls. Hence, unless there was a large difference in yield between two and three 

20 mm balls, which was almost doubled (see table 2.6), attention needs to be paid to the 

drawbacks discussed above when introducing additional grinding ball(s) to the system. 
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Two further options were therefore considered with the aim of balancing the 

need for increased yield with decreased contamination. The first was to increase the 

yield by using 4 balls but with the risk of higher contamination. The second was to use 

3 balls to reduce the contamination of the shell nacre, but with a lower yield. In this 

study, the latter option was chosen since the supply of nacre is abundant relative to the 

amount required for potential therapeutic purposes. 

 

2.6.5. Speed 

Five speed levels were used in this study, namely 200 rpm, 400 rpm, 600 rpm, 800 rpm 

and 1000 rpm. Initial experiments showed that a low speed of 200 rpm was ineffective 

in breaking down the nacre despite long duration and varying other parameters. The 

percentage yield was only 33% when milling was undertaken at 200 rpm for 18 hours 

using 200 x 5 mm balls, 15 g sample and 15 mL of excipient (Milli Q water). A 

similarly low yield was obtained when 4 x 20 mm balls were used for 2 hours and 

maintaining the sample size and excipient volume as above. Milling at higher speeds of 

800 or 1000 rpm gave the advantage of shorter durations. For example, using the same 

parameters as for the experiment at 200 rpm above, the times required for similar yields 

at 800 and 1000 rpm were 10 and 5 minutes respectively. In spite of this advantage, 

milling at high speeds causes the temperature to dramatically rise inside the bowl. This 

high temperature has the potential to damage the material that is being processed. 

Fortunately, the ball-milling machine has a built-in program to introduce a pause time 

that can be automated. As suggested by the operating manual, the length of pause time 

depends on the speed used, and it is expected that higher speeds will heat up the bowl 

and increase the pressure inside the bowl more quickly, and therefore a longer pause 

time is required.42 In addition, it should be noted that the time needed to cool down the 

system is longer than that needed to heat it up. For example, the temperature after 
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milling at 800 rpm for 30 minutes reached 72 °C. The milling was performed as 3 

cycles of 10 minutes each with 30 minutes pause in between the cycles. Similarly, 

temperatures after milling at 1000 rpm for 20 minutes reached 93 °C. The milling was 

performed as 2 cycles of 10 minutes with 30 minutes pause. It is clear that to achieve 

the same temperature  (i.e. 72 °C) for milling at 1000 rpm, a pause time longer than 30 

minutes would be required.  

 

Table 2.8. Reference values for speed limit.42 
Ball diameter (mm) Speed (rpm) for agate Speed (rpm) for other materials 

<5 1100 1100 
5 900 1000 
10 750 850 

>10 600 700* 
 

Table 2.8 shows the speed limit for ball milling depending on the material and 

the diameter of the ball. The maximum speed for the machine is 1100 rpm. There are 7 

types of material available as described in Table 2.2, namely, agate, stainless steel, 

sintered corundum, tempered steel, zirconium oxide (ZrO2), tungsten carbide and silicon 

nitride. Except agate, the other 6 materials belong to the column for “other materials”.  

As ZrO2 belongs to this “other materials” group, thus the speed limit for ZrO2 balls with 

diameter greater than 10 mm should not exceed 700 rpm (See Table 2.8). In order not to 

exceed the speed limit, the highest speed limit used for experiments using 20 mm balls 

was chosen to be 600 rpm. A speed of 200 rpm was removed from consideration due to 

low yields and 800 or 1000 rpm could not be used for 20 mm balls due to speed 

restrictions for the device from the manufacturer.42 Speeds of 400 rpm and 600 rpm 

were therefore investigated further. 

 

Increasing speeds while maintaining the other parameters results in higher 

contamination with ZrO2. Referring back to table 2.7 above, the zirconium level is 
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higher at 600 rpm than at 400 rpm for both 3 and 4 x 20 mm grinding balls. When three 

20 mm grinding balls were used at 600 rpm, the product is more than 80 times more 

contaminated compared to the product at 400 rpm. Likewise, the product of four 20 mm 

grinding balls at 600 rpm was at least 3 times more contaminated compared to the 

product at 400 rpm. 

 

 
Figure 2.7. Particle size distribution of the milling results at 400 rpm (green) and 
600 rpm (red). Other parameters: 15 g, 2 hours, three 20 mm grinding balls and 15 mL 
Milli Q water as excipient. 

  

One of the criteria for optimal processing is uniform size distribution of the 

nacre. Fig. 2.7 shows that unimodal particle size distribution was obtained at 400 rpm 

but not at 600 rpm. The analysis was undertaken using a Mastersizer Hydro S2000 from 

Malvern Instrument. Details of the analysis are described in the attached publication.31 

It is evident that changing the speed also changes the particle size distribution. The 

additional peak at 600 rpm curve in Fig. 2.7 is most likely caused by the aggregation of 

particles.  
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2.6.6. Duration 

Every production cycle must be time-efficient. Certainly, there is a minimum duration 

for the milling process to be completed using any of the given parameters. At the same 

time, the duration should be within reasonable limits. For example, it has been 

mentioned above in section 2.6.5 that after 18 hours of milling at 200 rpm, the yield was 

only about 33% from 15 g of nacre. Assuming a linear relationship between time and 

yield, then after 54 hours of milling the yield might reach 99%. Nonetheless, it is 

neither time- nor cost-efficient to run a milling machine for 54 hours only to generate 

about 14.85 g of nacre powder. Thus, it was not tested because there is little chance that 

it could be applied in industry. 

  

The longer the duration, the more heat will be generated. In section 2.6.5, it has 

been mentioned that milling at 1000 rpm for 20 minutes was performed as 2 cycles of 

10 minutes with 30 minutes pause time to cool down the system. The temperature of the 

ball milling bowl recorded at the end of the second cycle was 93 °C. Unfortunately, 

when another cycle of 10 minutes was added, the system exploded. This explosion was 

due to the high temperatures in a closed compartment, which created high pressure. It 

can damage the equipment as well as potentially the surroundings. The pause time was 

then doubled to 60 minutes i.e. 3 cycles of 10 minutes with 60 minutes pause time. 

Unfortunately, the system exploded again. It was only successful when a pause time of 

75 minutes was introduced. Pause time is not included in the total duration. Thus, if the 

experiment involved milling for 30 minutes at 1000 rpm, the experiment was actually 

performed as 3 cycles of 10 minutes with 75 minutes pause time in between the cycles. 

Thus, the total amount of time needed was 3 hours. Without pause time it is not possible 

to mill nacre in a short time. The only speed that did not require a pause time was 200 

rpm. However, as mentioned above, to mill 15 g of nacre at 200 rpm will require at least 
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36 hours of constant milling. Finding sufficient pause time so as to avoid explosions 

was a trial and error process. 

 

One way to prevent an explosion due to high temperatures is to use a special 

grinding bowl that is attached to a pressure gauge. In brief, the pressure gauge measures 

and displays the pressure within the bowl. When the pressure is reaching the pressure 

limit of the bowl (i.e. 400 kPa), the milling process will be paused. Thus, it prevents 

excessive pressure, which leads to explosion (Personal Communication with Ronald 

Cheong from John Morris Scientific). However, such a device is expensive, quoted at 

$15,000.00 (Fritsch GmBH, Western Australia) and was not possible for the current 

study. Another possibility is to use a ventilation device to release the pressure during 

the milling process.13 However, this was not considered further because such a device 

would allow leakage of both small particles of nacre generated as milling progressed as 

well as of the excipient (Milli Q water) used during the process. 

 

An alternative way of controlling temperature and therefore avoiding high 

pressures is to undertake ball milling at low temperatures. This has been accomplished 

in a patent application by Drai and Guillot13 in which temperatures were kept below 40 

°C. However, the process was complicated involving freezing the grinding bowl, the 

nacre and/or the grinding balls to a temperature as low as -30 °C for a period of time 

ranging from 1 minute to 48 hours and was therefore considered impractical for the 

purpose of designing a methodology that might be suitable for scale-up and 

manufacture for cosmetic of therapeutic use. Accordingly the pause time approach was 

considered more practical, as well as being more economical for potential scale up of 

any processing for down stream applications. 
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Figure 2.8. Particle size distribution changes with different duration. Parameters: 
15 g, 200 of 5 mm balls, 15 mL Milli Q water and 1000 rpm. 

 

Changing the duration of milling might change the particle size distribution. Fig. 

2.8 shows the particle size distribution for two similar experiments with the duration 

being varied from 20 minutes to 30 minutes. Compared to 20 minutes, at 30 minutes, 

the first two peaks are shifted to larger particles and another larger peak appeared. 

Nacre tablets have a tendency to aggregate with each other thus generating larger 

pieces.46,47 However, increasing the duration might also result in higher contamination 

of the product with ZrO2 given that as the size of nacre particles become smaller as the 

grinding proceeds, there will be more collisions between the grinding balls.  

 

2.7. Preface to the publication 

The publication that follows describes the ball-milling process that gave the best 

preparation based on the aforementioned criteria, namely, high percentage of yield, 

minimum contamination and uniform size distribution. Yield was straightforward to 

assess by weighing the dry milled nacre powder and comparing to the original sample 

size. The presence of contamination was assessed using two techniques, namely, 

elemental analysis with EDS and differential scanning calorimetry (DSC). XRD 



	   60	  

provided a semi-quantitative analysis of the amount of contamination, while ICP MS-

AES provided an accurate concentration of the contamination. Particle size distribution 

was obtained through Mastersizer Hydro 2000s, Malvern Instrument.  

 

 In addition, other analytical techniques were used to analyze and further 

characterize the ball milling products. Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM) were used to give 3D and 2D images 

respectively. Additional analytical techniques that were used in conjunction with 

microscopy include electron diffraction and high resolution TEM. The discussion in the 

publication emphasizes that nacre is made of aragonite tablets and the end-product of 

the milled nacre was still aragonite. This is important because ball milling generates 

heat which can transform aragonite to calcite.48 As a result, the author questions 

whether the ball milling process has facilitated the transformation of aragonite tablets to 

calcite. This question was addressed through XRD, SEM, TEM and DSC as described 

in the publication. The data from all experiments confirmed that the heat generated from 

the ball-milling process did not transform aragonite tablets to calcite. 

 

2.8. Publication 

See Appendix 1 

 

2.9. Subsequent Studies 

This ball milling study provided a thorough investigation of the different parameters 

required for the preparation of high yields of consistently sized nacre preparations with 

low levels of contamination. The principles used in this study to adjust the parameters 

could also be applied to other studies utilizing the ball milling process, such as 

production of Cu2(Zn,Fe)SnS4 powders for thin film solar cell49, preparation of 
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nanostructure cathode materials50 and production of graphene nanosheets.51 The current 

study provides insight into the potential production of standardized nacre preparations 

for commercial production and for other research, including therapeutic testing. 

  

In the ensuing chapters, the effects of the least and most contaminated samples 

generated by the ball milling process are investigated using in vitro models of wound 

repair.. There are two major areas that will be investigated, namely toxicity and efficacy 

of milled nacre. Chapter 3 will discuss further investigation and experimentation of 

toxicity of nacre on skin cells. The highly contaminated sample will be assessed as to 

whether it is more noxious to the skin cells compared to the sample with low 

contamination. Additionally, Chapter 4 will test these nacre preparations for their 

efficacy using in vitro models of wound healing. The potential of the milled nacre to 

enhance cell migration in a scratch assay will be explored to mimic potential effects of 

nacre on the re-epithelialisation phase of wound healing. Additionally, the effect of 

milled nacre on collagen secretion by fibroblasts will also be analysed to assess 

potential effects on the remodelling/granulation tissue deposition phases of wound 

repair. 

 

There will be a number of common issues that will be discussed in Chapter 3 

and 4. First, there has been much attention given in this study to make sure that 

aragonite tablets were obtained, with little or no transformation to calcite. Therefore, 

calcite will be used as one of the controls. Any observed effects from the milled nacre 

will be assessed whether they are specific to aragonite or whether they could be 

generated by other polymorphs of calcium carbonate, i.e. calcite. If calcite does not 

produce similar effects as the nacre then this study will be the first scientific evidence 

for the benefit of the aragonite structure on skin cells. Second, as has been previously 
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mentioned, the water soluble matrix of nacre could promote wound healing.3 Therefore, 

the organic component of nacre will also be used to determine whether both the 

inorganic and organic components of nacre are needed to produce an effect or whether 

either one of them is sufficient. The extraction of the organic component will be 

discussed later in the Materials and Methods section in Chapter 3. In conclusion, this 

will be the first study using fully characterized nacre extract prepared using an 

optimized methodology to assess potential effects of nacre on skin cells in vitro.  
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Chapter 3: Toxicity of Ball-Milled Pearl Nacre on Skin Cells 

 

3.1. Introduction 

As discussed in Chapter 1, nacre has been used for cosmetics since ancient times.1,2 

Therefore, it is presumed that there should be no adverse effects of nacre on the skin. 

Indeed, Rousseau et al. have tested nacre lipids on artificially dehydrated skin explants.3 

In other organs, it has been shown that nacre is able to initiate bone mineralization in 

the presence of osteoblasts in vitro4 and induce osteogenesis in sheep vertebrae5,6 

without any observed adverse effects.7 In spite of this evidence for bones, there is 

limited scientific data to support the safe use of nacre on skin.8  

 

In recent years, there has been a growing interest from the cosmetic industry to 

use nacre as a key ingredient.9 However, as discussed in Chapter 2, there are many 

modern human activities that could introduce heavy metals, pesticides, detergents and 

other waste into marine environments10 which could result in uptake by oysters and 

possible contamination of their nacre. As expected, it has also been shown that the type 

and concentration of pollutant varies in different marine environments.11 For example, 

Lerebours et al. investigated the presence of pollutants in 165 flatfish dab (Limanda 

limanda) from six sites in the North Sea and English Channel.12 The investigation 

showed that the liver of fish sampled from North Dogger was highly intoxicated by Cd 

(406 + 122 µg/kg liver tissue), whereas the liver of fish sampled from Rye Bay 

contained high amounts of organic chemicals from the polychlorinated biphenyl (PCB) 

family.12 As mentioned in Chapter 2, oysters obtain inorganic elements for building 

their shells from the surrounding environment and therefore might be susceptible to 

incorporation of heavy metals within the nacre. However two studies13,14, as well as the 

results presented in Chapter 2, have shown that heavy metals appear not to accumulate 
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in oyster shells suggesting that heavy metals existing in the environment will not be 

incorporated into the nacre, and are therefore unlikely to be a source of contamination. 

Indeed, a number of studies have shown that heavy metals are accumulated in the soft 

tissue and not the shell15-18 and therefore would not impact on the content of the nacre.  

 

It was established that ball-milling results in substantial contamination of the 

nacre by Zr and Cd which are constituents of the balls themselves.19 It therefore appears 

that contamination from processing rather than environmental pollution is more likely 

to be the major contributor to the presence of heavy metals in processed nacre. Thus, 

systematic studies are required to examine the safety of nacre processed by ball milling.  

 

The studies on bone describe above used nacre from Pinctada maxima 4-6 while 

the current work used nacre from Pinctada margaritifera. It is unknown whether nacre 

from the two species has the same chemical composition. However, a phylogenetic 

study using Bayesian Inference (BI) analysis of partial sequence data of the 

mitochondrial cox1 gene has shown that these two species are closely related.20 It is 

therefore likely that the chemical composition of the nacre of the two species is similar 

and thus that nacre preparations from both P. maxima and P. margaritifera could be 

used interchangeably.  

 

Herein the toxicity of nacre on skin cells prepared from P. margaritifera has 

been investigated using two different samples of nacre prepared as described in Chapter 

2. Sample 8 was selected because it is the least contaminated and sample 11 because it 

is the most contaminated. By choosing samples that were the least contaminated versus 

the most and including a calcium carbonate control in calcite form, the aim was to 
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determine whether the contamination with Zr and Cd from the ball milling system 

influenced toxicity and was therefore an important consideration in nacre preparation.  

 

The presence of heavy metals is an important issue for cosmetics as they can 

cause local adverse effects on skin including irritation, sensitization or photoreactions.21 

Unlike Zr, Cd is a common heavy metal found in cosmetics.22,23 There are no strict 

regulations that govern the level of contamination that is acceptable in cosmetic 

products globally. Nevertheless in Nigeria the presence of Cd in any amount in 

cosmetics is prohibited.24 Additionally, the Food and Agricultural Organization made a 

joint statement with the World Health Organization that there should be no Cd in any 

food additives but allows a provisional tolerable weekly intake of 7 µg/kg body weight, 

i.e. 7 ppb.25 However, cosmetic industries usually use the US Food and Drug 

Administration permissible lead (Pb) concentration for candy (0.1 µg/g ≈ 0.1ppm) as 

the acceptable limit for Cd in lipsticks or other cosmetics.26 However, it has been shown 

that many cosmetics in the market have Cd levels beyond this limit.22,24,27 The amount 

of Cd in Sample 11 according to ICP MS-AES analysis is 111 ppm, which is far beyond 

the acceptable limit. The amount of Cd in Sample 8 was recorded as less than 0.1 ppm. 

According to Nordberg, long-term exposure to Cd is detrimental to the renal, 

pulmonary, hepatic and reproductive systems.28 McMurray and Tainer reported in 2003 

that Cd is possibly responsible for increasing the incidence of certain forms of cancer by 

direct inhibition of DNA mismatch repair.29 Cd also has been reported to cause kidney 

damage and bone degradation by affecting calcium metabolism.30 Therefore, it is crucial 

to assess the presence of heavy metal in nacre samples before using it for aesthetic or 

therapeutic purposes. Whilst sample 11 is unlikely to be suitable for human use, it is 

interesting to compare the effects of this most contaminated sample with the least in 

terms of its effects on skin cells. 
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It is important to test the cytotoxicity of a compound on both keratinocytes and 

fibroblasts, in order to assess its biocompatibility with skin. As has been mentioned in 

Chapter 1, keratinocytes and fibroblasts are the predominant cells of the epidermis and 

dermis respectively. Any compound applied to skin comes into contact with the 

epidermal layer and therefore keratinocytes first. If it can permeate the epidermis then it 

is likely to diffuse within the dermis and come into contact with the fibroblast cells. 

When the skin is ulcerated the compound comes into contact directly with the dermal 

layer and therefore, for potential wound healing use, the impact of the compounds on 

fibroblasts is even more likely to be important.31 Whilst testing with both cell types is 

important, evidence suggests toxicity profiles of compounds are similar across the two 

cell types. For example, Nadim et al. found a similar cytotoxicity pattern between 

immortalized human keratinocytes (HaCaT) and in v-myc transfected human fibroblast 

cells MSU 1.132 for caffeic acid (CA), epigallocatechin-3-gallate (EGCG) and their 

glucosylated forms, alpha-O-D-glucopyranosyl caffeic acid (Glc-CA) and alpha-O-D-

glucopyranosyl epigallocatechin gallate (Glc-EGCG).33 Further, in a study of wound 

healing properties of jojoba (Simmondsia chinensis) liquid wax, it was found that the 

wax has similar low toxicity on both human fibroblasts34 and HaCaT cells.35  

 

However in other studies, cytotoxicity assays of the same compound using 

keratinocytes and fibroblasts gave conflicting results. For example, Chen et al. tested 

the cytotoxic effects of three denture adhesives, namely, Polident® cream, Protefix® 

cream and Protefix® powder on three cell lines, namely primary human oral 

keratincoytes (HOKs), primary human oral fibroblasts (HOFs) and permanent mouse 

fibroblasts cell lines from the China Centre for Type Culture Collection (L929).31 Their 

results showed that the three adhesives were cytotoxic for HOKs and HOFs but not for 

L929.31 Similarly, evaluation of the photo-toxic effects of chlorpromazine showed that 
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human epidermal keratinocytes were sensitive to phototoxicity while human fibroblasts 

were insensitive.36 Likewise, nacre might not be toxic to epidermal skin cells 

(keratinocytes), which are represented by HaCaT cells. However, it may still be toxic 

for the lower dermal layer, represented by NIH/3T3 cells (fibroblasts) and vice versa.  

Therefore, in the work reported here, immortalized human keratinocytes (HaCaT) and 

immortalized mouse fibroblasts (NIH/3T3) were used to investigate potential toxicity of 

the two nacre preparations. Table 3.1 provides a summary of the two cell lines. These 

two immortalized cell lines were used as they are readily available, and convenient 

compared to primary cell lines that would have to be obtained from tissue biopsies. 

 

Table 3.1. Cell lines' profile summary. 
Cell Line Mortality Species Cell Type Skin Layer 

HaCaT Immortalized Mouse Keratinocyte Epidermis 
NIH/3T3 Immortalized Human Fibroblast Dermis 

 

HaCaT and NIH/3T3 are two common cell lines that are used for wound healing 

and cytotoxicity studies for skin products. For example, Wiegand et al. used HaCaT 

cells to assess the effects of superabsorbent polymer (SAP) containing wound dressings 

in the treatment of non-healing wounds.37 HaCaT cells were also used by Boonkaew et 

al. to examine the cytotoxicity of wound dressings containing silver particles, and 

HaCat cells are widely accepted to be a good model for epidermal cells despite the 

potential for some differences to primary keratinocytes.38 Sarkar et al. used both 3T3 

fibroblasts and HaCaT keratinocytes to evaluate the biocompatibility of a chitosan-

collagen scaffold with nano/microfibrous architecture for skin tissue engineering.39 

Similarly, Radu et al. tested the biocompatibility of poly (3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) nanofibers for skin tissue engineering applications using 

HaCaT cells.40 Likewise, toxicity evaluation of yttria-alumina-silica spray-dried 

microspheres was performed in vitro on HaCaT cells.41 In a publication not related with 
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this thesis, this author has also tested toxicity of a novel antibiotic compound using both 

HaCaT and NIH/3T3 cells.42 The toxicity of many other compounds such as zinc 

oxide43,44, titanium dioxide45, modified graphene oxide46, antituberculosis drugs 

(thiazolyhydrazone derivatives)47 and antifungal agents (2-hydroxyphenacyl azole and 

2-hydroxyphenacyl azolium)48 have also been  tested on NIH/3T3 fibroblasts. 

 

As described in the Introduction to Chapter 2 and the associated paper, three 

different processes can be used to prepare the nacre, i.e. grinding, ball milling and ionic 

liquid processing. Ground nacre contains both inorganic and organic components. Ball-

milled nacre also contains both components, but as described in Chapter 2, some of the 

organic components might have been lost during the process. Finally, ionic liquid 

processed nacre only contains the inorganic component.49 Inclusion of pure nacre 

prepared using ionic liquid allowed investigation regarding which component of nacre 

is responsible for any observed effects. If the samples prepared in Chapter 2, i.e. 

samples 8 and 11, produced similar results compared to ionic liquid processed nacre, 

then it might be concluded that any effects were due to the inorganic component of 

nacre rather than any organic components in the matrix. 

 

There are three questions that were investigated in this Chapter: 

1. Is nacre toxic to skin cells? 

2. Does heavy metal contamination from the ball milling decrease cell viability? 

3. Do different nacre preparations result in different viability? 

 

The first question will be addressed by comparing the results between the cells treated 

with nacre prepared in different ways and the two controls. The first control was a 

negative control where there was no treatment at all. The second control was a positive 
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control where the cells were treated with CaCO3 or its corresponding conditioned 

media. Further, the second question will be addressed by comparing the results of 

Sample 8 and Sample 11. The last question will be addressed by comparing the results 

from nacre prepared in the three different ways (grinding, ball milling and ionic liquid 

extraction). 

 

3.2. Materials and Methods 

3.2.1. Materials 

3.2.1.1. Ground Nacre 

Nacre from P. margaritifera shell was ground using a mortar and pestle. The dimension 

of the ground nacre is approximately less than 5 mm. The Ground nacre is referred to 

hereafter as Nacre G. 

 

3.2.1.2. Milled Nacre 

Milled nacre was obtained as described in Chapter 2. As described in the publication19, 

sample 8 has the lowest contamination of Zr (referred to hereafter as Nacre M8) and 

sample 11 has the highest contamination (referred to hereafter as Nacre M11). These 

two samples were used in the studies in this chapter. 

 

3.2.1.3. Ionic Liquid Processed Nacre 

Ionic liquid processed nacre uses n-butyl-3-methylimidazolium hexafluorophosphate 

[BMIM][PF6], to extract nacre tablets.49 The ionic liquid in the extraction process 

results in the production of pure aragonite nacre without organic materials and therefore 

allowed testing of the effect of the inorganic component alone. Boulos et al. described 

this nacre preparation in their paper to obtain exclusively the inorganic component of 

nacre, i.e. the aragonite tablets.49 This nacre is referred hereafter as Nacre I. 
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3.2.1.4. Commercial CaCO3 

As a control, this study used commercially available CaCO3 from Sigma Aldrich 

(Catalogue number 239216). It is referred hereafter as CaCO3. 

 

3.2.1.5. Cell lines 

Two cell lines were used for the in vitro studies in this chapter, namely HaCaT and 

NIH/3T3 lines. HaCaT is an immortalized human keratinocytes cell line50,51, while 

NIH/3T3 is an immortalized mouse fibroblast cell line.52 These two cell lines were 

maintained in culture media as follows: Dulbecco’s Modified Eagle’s Medium/F-

12+GlutaMAX from Gibco (Mulgrave, Vic, Australia) with 10% (v/v) Foetal Bovine 

Serum (FBS, JRH Biosciences), 2mM Penicillin (Gibco) and 2mM Streptomycin 

(Gibco). This mix is referred hereafter as media. The cell lines were split at 80% 

confluency and housed in an incubator at 37 °C with 5% CO2. 

 

3.2.1.6. Conditioned Media 

Conditioned media was prepared by mixing media with one of the nacre preparations or 

the CaCO3 control and left to stand overnight. This was expected to solubilise the 

organic component of the nacre so that the effects of the organic components could be 

assessed in isolation. The protein amount was quantified in section 3.2.2.1. 

 

Either 100 mg of nacre preparations or 100 mg of the CaCO3 control was 

dispersed in 1 mL of media. The dispersion was shaken gently to avoid the formation of 

bubbles at room temperature. After 3 hours shaking, the dispersion was kept overnight 

at 4 °C. It was then centrifuged gently at 100 rpm for 3 minutes. The supernatant was 

transferred into a new sterile tube and later sterilized through 0.2 µm pore size 

membrane filtration. 



	   75	  

3.2.2. Methods   

Table 3.2 summarizes the workflow of the toxicity testing. The first assay was an MTS 

Viability Assay that was performed using HaCaT cells. Two different controls were 

used for all experiments. The first control is a negative control, which involved cells 

with no added nacre. The second control is a false positive control using CaCO3 from 

Sigma Aldrich (see section 3.2.1.4). It is in calcite form, the stable polymorph.53 If the 

cells treated with milled nacre produce similar results compared to the false positive 

control, any effects cannot be attributed specifically to aragonite or organic components 

of the nacre. 

 

Table 3.2. Toxicity tests. The cells marked with “+” sign indicates that the treatment 
was added for that particular assay. 

In Vitro Assays Outcome 
Measure 

Treatments 

HaCaT Keratinocytes  Nacre M8 Nacre M11 Nacre G Nacre I CaCO3 

MTS Viability Assay Viability + + N/A + + 
Dose/Response Viability + N/A N/A N/A + 
Live/Dead Assay (P) Live Cell Count + N/A + N/A + 
Live/Dead Assay (C) Live Cell Count + N/A + N/A + 
ROS Assay (P) Stress Level + N/A + N/A + 
ROS Assay (C) Stress Level + N/A + N/A + 
NIH/3T3 Fibroblasts       
Dose/Response Viability + N/A N/A N/A + 
Live/Dead Assay (P) Live Cell Count + N/A + N/A + 
Live/Dead Assay (C) Live Cell Count + N/A + N/A + 
ROS Assay (P) Stress Level + N/A + N/A + 
ROS Assay (C) Stress Level + N/A + N/A + 

 

The second assay was a dose-response assay performed with varying 

concentrations to identify whether there was a level at which nacre might be toxic to 

HaCaT and NIH/3T3 cells. Finally, live/dead and reactive oxygen species assays were 

conducted. In these last two experiments, there were two modifications introduced. 

First, Nacre G was used. Second, the experiments were performed using conditioned 
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media of the corresponding nacre or control particle in addition to the nacre samples. 

Addition of Nacre G and conditioned media in these experiments allowed for 

assessment of whether any effects observed were due to the inorganic component alone, 

organic component alone or both. Only Nacre G contains both inorganic and the 

complete matrix of organic components. 

 

3.2.2.1. Quantification of Protein Amount in Conditioned Media 

In order to determine whether the conditioned media prepared in section 3.2.1.6 has 

additional organic matter derived from the samples, protein quantification was carried 

out using Pierce™ BCA Protein Assay Kit as per manufacturer’s instructions (Life 

Technologies, catalog number: 23225). Media was used as diluent for this 

quantification assay. Thus, the concentration of proteins in the conditioned media in the 

results section (see section 3.3.2 below) is the additional proteins on top of the proteins 

that originated from the addition of 10% (v/v) of FBS above. Conditioned media of 

Nacre M8, Nacre G and CaCO3 were prepared for the live/dead and ROS assays. 

 

3.2.2.2. MTS Viability Assay: Pilot Study 

The study was performed using CellTiter 96® AQueous One Solution Cell Proliferation 

Assay from Promega. It employs a novel tetrazolium compound [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 

inner salt; MTS] and an electron-coupling reagent (phenazine ethosulfate; PES). The 

assay was prepared as follows: 
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Figure 3.1. Arrangement of MTS Viability Assay. Each colour represents control or 
different treatments. The experiments for each time point were performed in different 
line. The arrangement of transfer plate for absorbance reading should follow the original 
plate. Up to 8 treatment and/or controls can be set up. 

 

1.5 x 103 HaCaT cells were seeded for each well on 96 well plates in 50 µL of media. 

Cells were incubated for 2h at 37 °C with 5% CO2 to allow cell attachment to the plate 

surface. Four treatments were used in this study: Nacre M8, Nacre M11, Nacre I and 

CaCO3. For each type of treatment 0.2 mg of particles was dispersed in 100 µL of 

media. Then 50 µL of the dispersion was added to the cells giving a final concentration 

of the treatment of 0.1 mg/mL. Time 0 started after the addition of treatment. For each 

treatment and the control, the experiment was done in triplicate for four (4) time points: 

24, 48, 72 and 96 hours. The plate is as depicted in Fig. 3.2. The plates were then 

incubated at 37 °C with 5% CO2 overnight. At each time point, 60 µL MTS solution 

was added to each well. The plates were then incubated for 3 hours at 37 °C with 5% 

CO2. Then, 60 µL from each well was transferred to a new plate for absorbance reading 

at 490 nm using an EnSpire 2300 Multimode Plate Reader. The relative cell viability is 

proportional to the absorbance and was calculated using Equation 1: 
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Equation 1: 

Relative cell viability (%) = (Mean of A490nm of sample) x 100 
           Mean of A490nm of control  

 

3.2.2.3. MTS Viability Assay : Dose/Response Studies 

This experiment was conducted as described above (see section 3.2.2.2). Instead of 

using a single final concentration of 0.1 mg/mL, two additional concentrations were 

introduced: 1 and 10 mg/mL. These studies were performed on both HaCaT and 

NIH/3T3 cell lines. For each cell line only two treatments were used in addition to 

controls: Nacre M8 and CaCO3. Each concentration was performed in separate 96 well 

plates, however the three plates were prepared concurrently. See Table 3.2 for the 

summary of the toxicity studies. 

 

3.2.2.4. Live/Dead Assays with Nacre Preparations 

Nacre G was used in this assay to identify whether there were any toxic organic 

components that were lost during the preparation of the milled nacre. This section used 

both HaCaT and NIH/3T3 cell lines. See Table 3.2 for the summary of the toxicity 

studies. The treatments used were Nacre G, Nacre M8 and CaCO3. 2.0 x 104 cells 

were seeded on each well in 24 well plates in 250 µL media. Treatment particles were 

added at the following concentrations: 0.2, 2 and 20 mg/mL in media giving final 

volume of 500 µL and final concentrations of 0.1, 1 and 10 mg/mL respectively. Each 

treatment and control was made in triplicate in two different plates. The first plate was 

incubated for 24 hours at 37 °C with 5% CO2. The second one was incubated for 72 

hours. At the stipulated time point, each well was washed with Phosphate Buffered 

Saline (PBS) three times. Cells were then stained with 100 µL of 1 µM Calcein and 100 

µL of 2 µM Ethidium Bromide (EtBr). The plate was then wrapped with aluminium foil 

and incubated for 30 minutes at 37 °C with 5% CO2. The fluorescence was measured 
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using an Olympus IX71 inverted microscope with 20x objective and fixed exposure 

time. The live and dead cells were counted using Cell Counter plug-in from ImageJ54. 

The total number of cells is the sum of live and dead cells. Percentage of viable cells for 

each experiment was calculated as Equation 2. 

Equation 2: 

Live Cells (%) = _________Number of Living Cells__________x 100 
    (Number of Live Cells+Number of Dead Cells) 

 

3.2.2.5. Live/Dead Assays with Conditioned Media 

This experiment is similar to section 3.2.2.4 with some modifications. Instead of adding 

the treatment particles of Nacre G, Nacre M8 and CaCO3, the corresponding 

conditioned media were added.  Individual conditioned media was prepared as 

described in section 3.2.1.6. The percentage of viable for each experiment was 

calculated as Equation 2 above. See Table 3.2 for the summary of the toxicity studies. 

 

3.2.2.6. Reactive Oxygen Species with Nacre Preparations 

This experiment used both HaCaT and NIH/3T3 cell lines. The treatments used were 

Nacre G, Nacre M8 and CaCO3. See Table 3.2 for the summary of the toxicity studies. 

6.0 x 103 cells were seeded in a 96 well plate for each treatment in triplicate. The plate 

was incubated at 37 °C with 5% CO2. After 24 hours incubation, the cells were washed 

three times with PBS. 100 µL of 2’,7’ – dichlorodihydrofluorescin diacetate (DCFH-

DA) 0.1x solution was added to each well. This solution is light sensitive, so plates 

were wrapped in foil to keep in the dark. After this addition, the plate was incubated for 

1 hour at 37 °C with 5% CO2. The DCFH-DA solution was then removed and the wells 

washed three times with PBS. Then 100 µL of the particles at 0.1, 1, and 10 mg/mL 

were added and incubated for 24 hours. On the next day, the cells were washed again 

three times with PBS. 200 µL of 1x Lysis Buffer was added and the plate was incubated 
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at room temperature for 15 minutes while wrapped in foil. Then 100 µL of each well 

was transferred into a new plate and read at 480 nm excitation and 530 nm emission 

using an EnSpire 2300 Multimode Plate Reader.  

 

3.2.2.7. Reactive Oxygen Species with Conditioned Media 

This experiment is the same as described above (see section 3.2.2.6) with some 

modifications. Instead of adding the treatment particles of Nacre G, Nacre M8 and 

CaCO3 corresponding conditioned medias were added.  Individual conditioned media 

was prepared as described in section 3.2.1.6. See Table 3.2 for the summary of the 

toxicity studies. 

 

3.2.2.8. Statistical Analysis 

Each experiment was performed in triplicate. All results were analysed statistically 

using GraphPad Prism 6.0d for Macintosh (GraphPad Software, Inc. La Jolla, 

California, USA). Two-Way ANOVA was performed to determine whether the 

treatments had an effect (p <0.05 as significant). The two factors are concentration and 

time. The reactive oxygen species (ROS) assay was analyzed using one-way ANOVA 

(p <0.05 as significant). 
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3.3. Results 

3.3.1.  Summary of Toxicity Studies 

Table 3.3. Summary of toxicity studies result for Chapter 3. If there was no 
significant difference for the particular experiments then it is labelled with “No. Sig. 
Diff”. If there were one or more concentrations with significant results then it is labeled 
with Significant (p<0.05). Refer to the text for related studies below for further detail 
regarding which concentration(s) showed significant effects.  

In Vitro Assays 
Outcome 

Measure 
Treatment 

HaCaT Keratinocytes  Nacre M8 Nacre M11 Nacre G Nacre I CaCO3 

MTS Viability Assay Viability No. Sig. Diff No. Sig. Diff N/A No. Sig. Diff No. Sig. Diff 

Dose/Response Viability Significant N/A N/A N/A No. Sig. Diff 

Live/Dead Assay (P) Live Cell Count Significant N/A Significant N/A Significant 

Live/Dead Assay (C) Live Cell Count No. Sig. Diff N/A No. Sig. Diff N/A No. Sig. Diff 

ROS Assay (P) Stress Level No. Sig. Diff N/A No. Sig. Diff N/A No. Sig. Diff 

ROS Assay (C) Stress Level No. Sig. Diff N/A No. Sig. Diff N/A No. Sig. Diff 

NIH/3T3 Fibroblasts       

Dose/Response Viability Significant N/A N/A N/A Significant 

Live/Dead Assay (P) Live Cell Count Significant N/A Significant N/A Significant 

Live/Dead Assay (C) Live Cell Count No. Sig. Diff N/A No. Sig. Diff N/A No. Sig. Diff 

ROS Assay (P) Stress Level No. Sig.Diff N/A No. Sig.Diff N/A No. Sig.Diff 

ROS Assay (C) Stress Level No. Sig.Diff N/A No. Sig. Diff N/A No. Sig. Diff 

 

3.3.2. Quantification of Protein in Conditioned Media 

The amount of protein in conditioned media of Nacre M8, Nacre G and CaCO3 were 

determined at 58.2 + 2.7, 25.7 + 0.8 and 2.1 + 0.8 µg/mL respectively. They were 

significantly different to each other (one way ANOVA, p<0.05).  
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3.3.3 MTS Viability Assay 

The results are summarized in Fig. 3.2. There was no significant difference in viability 

of cell treated with Nacre M8, Nacre M11, Nacre I and CaCO3 at any time-point 

(two-way ANOVA; p >0.05). 

 

 

Figure 3.2. Relative cell viability (%) of HaCaT cells treated with Nacre M8, Nacre 
M11, Nacre I and CaCO3. Error bars show standard deviation. There was no 
significant difference observed.  

 

3.3.4. Dose-Response Studies 

Fig. 3.3 summarizes the results for the dose response assay in HaCaT keratinocytes. 

There was no significant difference for cells treated with CaCO3 at any concentration (p 

>0.05). Nacre M8 was shown to significantly lower cell viability at 1 mg/mL from 48 

hours after incubation (at 72-hours: Nacre M8, 75 + 17 % vs Control, 100 + 12%; at 

96-hours: Nacre M8, 66 + 15 % vs Control, 100 + 7%, p <0.05), whereas at 10 mg/mL 

it significantly reduced cell viability from 48 hours post incubation (at 48-hours: Nacre 

M8, 75 + 22 % vs Control, 100 + 6 %; at 72-hours: Nacre M8, 44 + 8 % vs Control, 

100 + 12 %; at 96-hours: Nacre M8, 39 + 12 % vs Control, 100 + 7 %, p <0.05).  
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Figure 3.3. Relative cell viability (%) of HaCaT keratinocytes treated with Nacre 
M8 and CaCO3 at 0.1, 1 and 10 mg/mL. Error bars show standard deviation. 
Significance was set at * p <0.05. 

 

Fig. 3.4 summarizes the results for the dose response assay in NIH/3T3 

fibroblasts. The results are similar to those with HaCaT cells (see Fig. 3.3), but not 

identical. Nacre M8 at 1 mg/mL did not lower cell viability significantly at any time 

point (p >0.05). However, at 10 mg/mL Nacre M8 had lowered the cell viability 

significantly from the beginning to the end of experiment (at 24-hours: Nacre M8, 82 + 

15 % vs Control, 100 + 9 %; at 48-hours: Nacre M8, 77 + 11 % vs Control, 100 + 4 %; 

at 72-hours: Nacre M8, 70 + 18 % vs Control, 100 + 14 %; at 96-hours: Nacre M8, 60 

+ 12 % vs Control, 100 + 12 %, p <0.05). Moreover, CaCO3 at 0.1 mg/mL significantly 

increased cell viability at the end of the experiment (at 96-hours: CaCO3, 89 + 5 % vs 

Control, 100 + 11 %, p <0.05). 
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Figure 3.4. Relative cell viability (%) of NIH/3T3 fibroblasts treated with Nacre 
M8 and CaCO3 at 0.1, 1 and 10mg/mL. Error bars show standard deviation. 
Significance was set at * p <0.05. 

 

3.3.5. Live/Dead Assays with Nacre Preparations 

The results for HaCaT cells are summarized in Fig. 3.5. There was no significant 

difference in living cell percentage for CaCO3 at any concentration or incubation time, 

except at 0.1 mg/mL at 24-hour post incubation where the percentage of living cells was 

significantly lower compared to control (CaCO3, 91.1 + 1.3 % vs Control, 97.1 + 1.8 

%, p <0.05). When the HaCaT cells were treated with Nacre M8, there were significant 

differences at all concentrations for the 24 H incubation (Nacre M8: at 0.1 mg/mL, 89.9 

+ 2.3 %; at 1 mg/mL, 77.0 + 1.6 %; at 10 mg/mL, 74.9 + 4.0 % vs Control: 97.1 + 1.8 

%, p <0.05). However, when the HaCaT cells with the same treatment were incubated 

for 72 H, the significant differences were only observed for 1 and 10 mg/mL (Nacre 

M8: at 1 mg/mL, 77.9 + 1.2 %; at 10 mg/mL, 76.4 + 4.2 % vs Control: 99.7 + 0.0 %, p 

<0.05). HaCaT cells treated with Nacre G showed significant differences at 10 mg/mL 

for both incubation times (at 24-hours: Nacre G, 72.6 + 8.8 % vs Control, 97.1 + 1.8 %; 

at 72-hours: Nacre G, 84.9 + 1.7 % vs Control, 99.7 + 0.0 %, p <0.05).  
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Figure 3.5. Live/Dead assays showing percentage of live cells in the HaCaT culture 
post incubation with Nacre M8, Nacre G and CaCO3 at 0.1, 1 and 10mg/mL. Data 
presented as average + SD. Significance was set at * p <0.05. 

  

Fig. 3.6 summarizes the results for NIH/3T3 cells. Cell viability with Nacre M8 

added was significantly reduced at a concentration of 0.1 mg/mL at both 24 and 72 

hours post incubation (at 24 hours: Nacre M8, 73.4 + 16.4 % vs Control, 100 + 0.0 %; 

at 72-hours: Nacre M8, 51.7 + 10.3 % vs Control, 93.3 + 3.5 %, p <0.05). Meanwhile, 

viability of the cells treated with 0.1 mg/mL of Nacre G or CaCO3 did not show any 

significant change at any time point (p >0.05).  

 

At a concentration of 1 mg/mL, cell viability with Nacre M8 extract added was 

significantly reduced at 24-hours post incubation (Nacre M8, 72.5 + 37.3 % vs Control, 

100 + 0.0 %, p <0.05). This significant reduction was no longer observed at 72-hours 

post incubation (p >0.05). Inversely, at 1 mg/mL cell viability with Nacre G added was 

not significantly reduced at 24-hours, but at 72-hours post incubation (Nacre G, 53.5 + 

4.6 % vs Control, 93.3 + 3.5 %, p <0.05). Cells treated with 0.1 mg/mL of CaCO3 did 

not show any significant change in viability at any time point (p >0.05).  
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At 10 mg/mL the viability was significantly reduced at both 24 and 72 -hours for 

Nacre M8 and CaCO3 (at 24-hours: Nacre M8, 0.0 + 0.0 % and CaCO3, 0.0 + 0.0 % 

vs Control, 100 + 0.0 %; at 72-hours: Nacre M8, 68.0 + 0.0 % and CaCO3, 67.4 + 7.6 

% vs Control, 93.3 + 3.5 %, p <0.05). Cell viability treated with 10 mg/mL of Nacre G 

was only significantly reduced at 72-hours (Nacre G, 52.2 + 20.8 % vs Control, 93.3 + 

3.5 %, p <0.05). 

 

 

Figure 3.6. Live/Dead assays showing percentage of live cells in the NIH/3T3 
culture post incubation with Nacre M8, Nacre G and CaCO3 at 0.1, 1 and 
10mg/mL. Data presented as average + SD. Significance was set at * p <0.05. 
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3.3.6. Live/Dead Assays with Conditioned Media 

There was no significant difference for both HaCaT and NIH/3T3 cells with any 

treatment and any incubation time (p >0.05). See Figs 3.7 and 3.8 respectively. 

 

 

Figure 3.7. Live/Dead assays showing percentage of live cells in the HaCaT culture 
post incubation with conditioned media of Nacre M8, Nacre G and CaCO3. Data 
presented as average + SD. Significance was set at * p <0.05. 

 

 

Figure 3.8. Live/Dead assays showing percentage of live cells in the NIH/3T3 
culture post incubation with conditioned media of Nacre M8, Nacre G and CaCO3. 
Data presented as average + SD. Significance was set at * p <0.05. 
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3.3.7. Reactive Oxygen Species Assay with Nacre Preparations 

There was no significant difference for NIH/3T3 and HaCaT cells with any treatment 

and at any concentration (one-way ANOVA; p >0.05). See Fig. 3.9. 

 

 

Figure 3.9. Reactive oxygen species (ROS) assay showing ROS levels in NIH/3T3 
and HaCaT cells stressed with CaCO3, Nacre M8 and Nacre G at 0.1, 1 and 
10mg/mL for 24 hours.  
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3.3.8. Reactive Oxygen Species Assay with Conditioned Media 

There was no significant difference for HaCaT and NIH/3T3 cells with any treatment 

(one-way ANOVA; p >0.05). See Fig. 3.10. 

 

 

Figure 3.10. Reactive oxygen species (ROS) assay showing ROS levels in NIH/3T3 
and HaCaT cells stressed with conditioned media of CaCO3, Nacre M8 and Nacre 
G for 24 hours. 

 

3.4. Discussion 

The key findings from this toxicity study can be summarized as follows:  

1. Nacre is safe for skin cells in vitro at concentrations up to 1 mg/mL 

2. Heavy metal contamination in milled nacre did not result in significantly lower cell 

viability 

3. Nacre prepared using different techniques did not produce significant differences in 

the toxicity results 
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3.4.1 Safe concentrations of nacre 

At a concentration of 0.1 mg/mL Nacre M11, Nacre G and Nacre I did not show any 

significant differences from untreated control samples. Interestingly, at 0.1 mg/mL 

Nacre M8 and CaCO3 reduced HaCaT cell count significantly in the live/dead assay at 

24-hours post incubation, but this reduction in viable cell count was no longer observed 

at 72-hours post incubation. This situation has also been observed in another study.8 

The cells might have broken down the calcium carbonate salt and utilized the calcium 

ions. Cells can absorb Ca+2 through the cell membrane and use it for cell 

communication and many other cellular and enzymatic functions.55 A set of different 

results was observed with NIH/3T3 cell lines in the live/dead assay, 0.1 mg/ml of Nacre 

M8 reduced the cell count significantly for both 24-hours and 72-hours time points but 

CaCO3 did not. A low concentration of 0.09 mM calcium has been shown to be not 

toxic and even induce mesenchymal cell-like phenotype in normal human epidermal 

keratinocytes.56 0.1 mg/mL calcium carbonate is equivalent to 1.0 mM calcium, which 

is much higher than 0.09 mM. Therefore, this concentration of 0.1 mg/mL might be 

toxic to cells. 

 

Nacre G at 1 mg/mL did not alter the viable cell number in the live/dead assay 

significantly nor affect the ROS level in HaCaT cells. However, NIH/3T3 cells were 

significantly affected with reduced viable cell counts at 72-hours post incubation in the 

live/dead assay (see Fig. 3.7). Nacre M8 at 1 mg/mL gave contradicting results, where 

it significantly lowered cell viability in the dose-response assay (see Fig. 3.4) and viable 

cell count in live/dead assay (see Fig. 3.6) of HaCaT cells but had much less damaging 

effect on NIH/3T3 cells in both assays (see Figs 3.5 and 3.7). In brief, it seems that 

NIH/3T3 is more robust towards nacre. Furthermore, these results contradict previous 

finding that has shown that calcium concentration up to 25 mM is safe for 
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keratinocytes.57 Nacre concentration of 1 mg/ml is equivalent to 10 mM, which should 

be still within the safe limit. Indeed, a dispersion of CaCO3 at 1 mg/mL did not affect 

cell viability in the dose-response assay, the live/dead assay or ROS levels in either cell 

types.  

 

At 10 mg/mL, Nacre M8 appeared to be toxic to both HaCaT and NIH/3T3 

cells.  The same finding was observed for cells treated with Nacre G. The MTS 

viability assay in dose/response study results showed much lower relative viability and 

live/dead assay results showed fewer living cells compared to controls. At 10 mg/mL, 

CaCO3 only appeared to be toxic for NIH/3T3 cells. These changes in viability do not 

appear to be related to increases in ROS level, since there were no significant 

differences in reactive oxygen species in any cells treated with the highest concentration 

of Nacre M8, Nacre G or CaCO3. This suggests that the cause of the toxicity may not 

be a biochemical response of the cells to the nacre preparations. This argument was 

corroborated by Lopez et al in an animal study where they implanted a mix of 50 mg 

nacre or CaCO3 with 150 µl blood (concentration: ~333 mg/mL) on the ventral surface 

of rats and observed no sign of toxicity.58 Their concentration of 333 mg/mL is higher 

than 10 mg/mL, which was used in the current work. Although it is important to 

underline that their work was performed in vivo, so there are many factors that justify 

the necessity for much higher concentration such as size of animal, first pass 

metabolism effect, liver metabolism and renal secretion.  An alternative explanation 

may be that the significant reduction in cell viability and living cell count was due to 

physical competition for surface area. Both HaCaT and NIH/3T3 must attach to a 

surface before they can divide.50,52 On the other hand, calcium carbonate is known to be 

insoluble in water, its solubility was determined at 12 ppm at 22 °C and 14 ppm at 37.5 

°C.59 Therefore, in samples treated with the highest concentration of Nacre M8, Nacre 
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G or CaCO3 there was substantial sedimentation of particulate material on the surface 

area to which the cells need to attach. This could therefore limit the area for cells 

attachment and proliferation.60 This problem could probably be overcome by using 

plates with fewer wells, so the surface area for each well is larger. For example, 24-well 

plates could be used instead of using 96-well plates. In this way, the cells would have 

ample space to attach and proliferate despite of the nacre sediment. 

 

3.4.2. Heavy metal contamination from the ball-milling process is not toxic to skin 

cells 

Nacre M11, the highly contaminated sample, did not show any significant differences 

in toxicity (as assessed by viability) when compared to control or to its low 

contamination counterpart, Nacre M8. According to Wood et al., Cd and Zr are 

classified as moderate to high toxicity heavy metals.61 Therefore, this is an unexpected 

result considering the very high concentrations of Cd and Zr in the Nacre M11 sample. 

As discussed above, it is known that that heavy metals can cause many detrimental 

effects locally on skin or systemically when absorbed in the body. These detrimental 

effects require the heavy metal to be in contact with or more commonly taken up by the 

cells.62  

 

A plausible explanation is that these immortalized cells are not as sensitive as 

normal cells towards contamination. There are many studies that have obtained different 

results from normal and immortalized cells. For example, in a study of an antitumor 

agent, Cidofovir, the difference in responses to the same subject by different kind of 

keratinocytes (normal, immortalized and transformed) have been demonstrated.63 

Further, Gérard and Goldbeter argued that the cell cycle and circadian clock are coupled 

in normal cells but are disconnected in immortalized cells.64 Docosahexaenoic acid, a 
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type of polyunsaturated fatty acids, has been demonstrated to trigger a concentration-

dependent death of the immortalized H9c2 cardiac cells but not in primary neonatal 

cardiomiocytes.65 Moreover, suppressor p53 and Ras oncoproteins were shown to be 

abundant in the nucleus and perinucleus of immortalized mouse embryonic fibroblasts 

(MEF), whereas these two proteins were barely detected in the perinucleus of primary 

MEF cells.66 Finally, Sherwood et al. found that immortalized human bronchial 

epithelial cells (16HBE14o-) had an ability which was not possessed by the primary 

cells that is to recover most of their ATP and wound-induced Ca2+ signalling when 

cultured in the absence of arsenic for 7 days.67 Thus, due to biological differences 

between primary and immortalized cell lines it is advisable to repeat these experiments 

in the future using primary cells. Then the results from primary and immortalized cell 

lines can be analysed to get a better understanding of the potential heavy metal toxicity. 

Furthermore, the heavy metal contained in nacre might not be toxic to skin cells as 

tested in this study, however when it is used in cosmetics or skin care products then it 

might be absorbed through skin and entering the blood circulation system. From here, 

heavy metal might be accumulated in several organs such as heart, brain, kidneys or 

liver and compromises their functions.68 Hence, at this stage, this current finding could 

not be used as justification for allowing the presence of heavy metal in cosmetics or 

skin care products.  

 

3.4.3. Method of nacre preparation does not appear to affect toxicity 

No significant differences were observed in the MTS Viability assay between the ball-

milled nacre samples M8 and M11 and the ionic liquid processed nacre – Nacre I (see 

Fig. 3.3). The difference between the two ball-milled preparations and Nacre I was in 

the presence of organic component, which was only present in ball-milled preparations 

whereas the Nacre I was pure inorganic aragonite tablets.49  These initial results suggest 
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that the organic component of nacre is not toxic. Furthermore, this argument was also 

supported by the results from the live/dead assay and ROS assay of the conditioned 

media from Nacre M8 and Nacre G that showed no significant differences with the 

controls (see Figs. 3.8, 3.9 and 3.11). It was unexpected that the protein amount in the 

conditioned media from Nacre M8 was more than twice the protein amount in the 

conditioned media from Nacre G (58.2 + 2.7 vs 25.7 + 0.8 µg/mL). Theoretically, the 

water soluble protein concentration of nacre should range from 0.3 to 5 mg/ml.69 The 

low protein amount of the conditioned media from Nacre G was possibly because most 

of the proteins were still trapped in the brick and mortar structure. The nacre could be 

decalcified with weak acid (pH 4) to obtain the soluble proteins.70 

 

The results of the investigations above so far show that neither the inorganic 

component nor the organic component of the prepared nacre samples appear to be toxic 

to skin cells in vitro. There were no clear trends or consistent findings between different 

tests that might provide evidence of toxicity and therefore provide concern for the 

application of nacre on the skin. This is in line with a previous finding which claimed 

that nacre is biocompatible with human skin.8 These positive initial results should be 

further supported with similar evidence using multiple primary cells from different 

patients as there are genetic variation from person to person that might exhibit 

contradicting results.71 

 

To produce the same amount of aragonite tablets, the Nacre I technique takes a 

much longer time compared to Nacre M8 or Nacre M11. Boulos et al. required 2 hours 

to process 10 mg of nacre into Nacre I49, whereas 15 g of nacre could be milled in 2 

hours to produce Nacre M8 or Nacre M11.19 Even with the pause time considered for 

the milling process, both Nacre M8 and Nacre M11 productions only entail 3 hours 
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time. Additionally, it is important to note that Boulos et al. did not specify the 

percentage of nacre that was processed into Nacre I from the 10 mg starting material. 

Further, ball milling is as reproducible as the ionic liquid process and both of them have 

a similar problem. As discussed earlier in Chapter 2, in the ball milling process ball-to-

ball collision is inevitable and the ball is worn gradually. Similarly, the anion PF6¯ 

decomposition from the ionic liquid [BMIM][PF6] is inevitable and increases the level 

of F¯ in the sample.49 The procurement cost of the ball milling apparatus is certainly 

much higher compared to ionic liquid. However, in the long run ionic liquid will require 

more capital investment. Boulos et al. required 20 ml of ionic liquid for 10 mg of 

nacre.49 The density of [BMIM][PF6] is 1.38 g/ml at 20 °C.72 So, the ionic liquid 

required for one experiment is 27.6 g. The price for 50 g of [BMIM][PF6] is A$338 for 

97% purity or A$1910 for 98.5% purity.72,73 Therefore, for a continuous research or 

production, ball-milling is a favoured technique to use because with additional 50% 

time (from 2 hours to 3 hours), one can get 1500 times more aragonite tablets (from 10 

mg to 15 g). 

 

3.4.4. Preferred component of nacre for further study 

In spite of the above findings, it is still challenging to ascertain which component or 

preparation of nacre would be the most beneficial in studies of efficacy. Each 

component has its own advantages and disadvantages. For example, the aragonite 

tablets as in Nacre M8, Nacre M11, Nacre G and Nacre I is easy to use, quantify and 

control. Aragonite or calcium carbonate in general is known for its slow decay and low 

toxicity.74,75 However, as discussed above at high concentration this inorganic 

component may have been competing for surface at the bottom of the wells because 

they are highly insoluble at physiological conditions (pH = 7.4).76 Despite of this 

disadvantage, nacre powder has been shown to promote bone development in vitro.4,7,77 
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It is important to note the nacre powder used in the bone studies might still contain the 

organic components. Thus, although nacre powder was shown to be beneficial for bone 

development, the effects might not originate from the inorganic component of nacre i.e. 

aragonite. These studies, unfortunately, did not use other sources of aragonite, such as 

coral78, crystal from hill79 or hot spring travertine.80 Inclusion of aragonite from other 

sources other than from nacre could provide insight as to whether aragonite from 

different sources could produce the beneficial effect. Synthetic aragonite described by 

Carteret et al. should be used as one of the controls.81 If proven, then this may provide 

opportunities for developing different therapies for repairing bone.  

 

As has been mentioned in Chapter 1, the organic component of nacre only 

makes up 5% of the whole nacre82 and amounts to less than 2% when dry.83  This 

organic matrix is composed of numerous proteins, glycoproteins and polysaccharides.84 

These organic molecules might be insoluble or soluble in water.85 At least 13 proteins 

that are associated with nacre biomineralization have been identified from the P. 

margaritifera shell.86 It has always been a challenge to recover all of the proteins from 

the matrix87, as some of them are low molecular weight.88  It is therefore inevitable that 

some organic components would be lost in the nacre preparation process. Due to their 

small sizes and low densities, these proteins do not separate well and are poorly stained 

in gel electrophoresis.89 Additionally Bédouet et al. have identified peptides and low 

molecular metabolites with molecular sizes range between 100 and 700 Da from the 

water soluble matrix.88 Conchiolin and chitin are among molecules from the matrix, 

which are insoluble in water and acid.90,91 The water soluble molecules from this matrix 

has been shown to have therapeutic effects not only in bone development92 but also in a 

wound healing study.93  Therefore, it is possible that the organic component with its rich 

variety of molecules could offer promise for wound healing. 
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3.5. Conclusion 

The inorganic component of nacre appeared to be not toxic up to 0.1 mg/ml on HaCaT 

regardless of method of preparations. However, at the same concentration it appeared to 

be toxic to NIH/3T3 in the live/dead assay although the other two assays did not agree 

with this finding. Furthermore, the water-soluble organic component of nacre did not 

show any toxic effect in all assays. Therefore, the organic component of Nacre M8 and 

Nacre G were chosen for functional assessment in the next chapter. 
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Chapter 4: Assessment of the Potential Effects of Pearl Nacre 

on Wound Healing Using in vitro Assays.   

 

4.1. Introduction 

Wound healing is a complex process and the resulting scars often cause both physical 

and psychological impacts. In recent years, two of the major areas of wound healing 

research have focused on decreasing time to heal and on reconstructive/regenerative 

strategies to improve scar appearance. 

 

The key factor underpinning the poor appearance of a scar is the dermal collagen 

matrix. In normal skin, this is loosely packed and fibres are oriented in a random ‘basket 

weave’ pattern.1 By contrast, in scars collagen bundles are larger, running parallel to the 

epithelial surface and are more densely packed.1 Previously, ball milled nacre that was 

described in Chapter 2 has been shown to be safe for use on both NIH/3T3 fibroblasts 

and HaCaT keratinocytes (see section 3.4.1). Here, the ball milled nacre preparation, 

Nacre M8, was further studied to explore its effect on the migration rate of 

keratinocytes and fibroblasts to determine if the nacre preparation might enhance 

wound-healing rates using in vitro models. Nacre M8 was chosen for this study due to 

its low contamination. The Nacre M8 preparation was then investigated for its effect on 

collagen deposition by primary human dermal fibroblasts to determine if the preparation 

could impact on the matrix produced by the fibroblasts. 

 

 The organic component of nacre consists of different macromolecules which 

have different solubility in water.2 The water-soluble fractions are usually called water-

soluble matrix (WSM) and have been investigated in the context of the potential to 

accelerate wound healing. Jian-Ping et al. demonstrated that the water soluble matrix 
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(WSM) from a freshwater pearl oyster, Hyriopsis cumingii Lea (Unionidae), could 

promote wound healing by stimulating fibroblast mitosis, collagen deposition and tissue 

inhibitor of metalloproteinase-1 (TIMP-1) production.3 Similarly, Li et al. claimed that 

WSM from the same oyster increased the number of migratory fibroblasts (Hs68 cells 

and human foreskin fibroblasts) three times more than the control in a scratch assay 

study.4 Furthermore, in a study of wound healing in porcine skin with deep second-

degree burns, the WSM from pearl oyster, Pteria martensii, accelerated the wound 

healing process by rapidly restoring angiogenesis and fibroblast activity.5 A similar 

study using WSM from the scallop Pecten maximus on human primary fibroblasts 

showed that there was no effect on proliferation and an insignificant effect on cell 

migration.6 Therefore the organic components of nacre from pearl oyster appear to be 

promising to accelerate wound-healing although there is conflicting evidence.  

 

After the initial inflammatory stage in the wound healing process, the second 

stage is re-epithelialisation and granulation tissue formation. At this stage, fibroblasts 

and keratinocytes interact and cooperate to restore the epidermal barrier.7 Dermal 

fibroblasts migrate and contribute to the secretion of granulation tissue.8 Then, 

keratinocytes migrate and proliferate over this granulation tissue to restore epithelial 

integrity.9 Formation of new epidermis is critical to prevent bacterial infection10 and to 

start the re-modelling process.7 Consequently, accelerating the closure of the wound gap 

is still a clinical challenge and the search for compounds that can promote closure is 

important.11,12 In Chapter 3, it was shown that Nacre M8 was not toxic to skin cells but 

at the same time did not significantly alter the proliferation rate of keratinocytes. 

Furthermore, several studies have claimed that the organic component of nacre is 

beneficial for wound healing.3-5 Two of these studies have studied the efficacy of 

organic component of nacre on fibroblasts in increasing migration rate using a scratch 
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assay and produced conflicting results.4,5 In addition, no research to date has assessed 

the effect of nacre preparations on keratinocyte migration. Therefore, in this Chapter the 

organic component of Nacre M8 will be investigated for its efficacy in increasing the 

migration rate of fibroblasts and keratinocytes using a scratch migration assay.  

 

The scratch migration assay is a simple assay that has been used to study a 

number of compounds that may alter the migration rate of fibroblasts and keratinocytes 

in vitro. For example, Hostanska et al. studied the efficacy of a homeopathic remedy 

(mixture of Arnica montana, Calendula officinalis, Hypericum perforatum and 

Symphytum officinale) in closing the wound using NIH/3T3 fibroblasts in a scratch 

assay.13 Their results showed that 1:100 dilutions of the remedy significantly increased 

the migration rate of the fibroblasts (p<0.001).13 In a similar study, Fronza et al. 

determined that 10µg/mL of Calendula officinalis extracts significantly increased the 

migration rate of Swiss 3T3 albino mouse fibroblasts by 70.53% + 2.64 (p<0.05).14 

Furthermore, the influence of mesenchymal stem cell secreted factors in the wound 

healing process was also investigated using in vitro scratch assays on single cells or co-

cultures of L929 fibroblasts and HaCaT keratinocytes.15 For studies of individual cell 

types, fibroblast wound closure was faster than keratinocytes.15 Additionally, for the co-

culture study, it was revealed that fibroblasts lead the way in closing the artificial 

wound.15  

 

The scratch assay has also been used to assess keratinocyte migration and the 

effects of compounds on this process. Loo et al. investigated the efficacy of five 

concentrations of hydrogen peroxide-H2O2 (100, 250, 500, 750 and 1000 µM) in 

inducing keratinocyte migration using a scratch migration assay.16 The investigation 

found that low levels of H2O2 of up to 500 µM might be beneficial for the re-
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epithelialisation process.16 Similarly, a DNA binding protein, high-mobility group box-

1 (HMGb-1), was applied exogenously to HaCaT cells (an immortalized keratinocyte 

cell line) using a scratch migration assay.17 The experiment with HaCaT cells treated 

with HMGb-1 had significantly faster wound closure (p<0.01).17 Lastly, HaCaT cells 

treated with 20% non-toxic platelet lysate had a significant increase in wound closure 

rate (p<0.01).18 Therefore, the use of the in vitro scratch assay has been widely 

validated for measuring the potential efficacy of compounds and mixtures on migration 

rates of skin cells. Here, the scratch assay has been used to assess migration rates of 

both cell types after exposure to ball milled nacre extract.  

 

The final stage of wound healing is re-modelling of the skin structure, which 

includes scar formation. Scars are formed due to excessive deposition of predominantly 

collagen I by fibroblasts.19 Collagen is a generic name for a super family of proteins, 

which have three α polypeptide chains.20 One or several α polypeptide chains can form 

homo- or heterotrimers of collagen.21 There are 29 distinct collagens. They can be 

loosely classified into several groups, namely fibrillar collagens (I, II, III, V, XI, XXIV 

and XXVII); collagens forming networks (IV, VIII and X); collagens associated with 

large fibrils (IX, XII, XIV, XVI, XIX, XX, XXI and XXII) and collagens forming 

thread-like fibrils (VI, XXVI, XXVIII and XXIX).22 Collagen types I and III are the 

most important in the wound healing process, with collagen III deposited early in the 

healing process but replaced over time by excessive collagen I deposition that is the 

basis of scar matrix.23 Friedman et al. showed that excessive deposition of collagen type 

I can cause derangement of the fibre structure followed by hypertrophic scar 

formation.24 In scar tissue, collagen bundles have a parallel orientation to the epidermis 

rather than a random and basket-weave formation observed in normal skin.25 

Interestingly, WSM from the nacre of Pinctada fucata was reported to increase the 
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transcription of the COL-1A2 gene that is one of the collagen type I subunits.26 This 

finding was supported by a similar study that used WSM from the shell of a scallop, 

Pecten maximus.6  

 

In this chapter, the effects of Nacre M8 on the amount of collagen type I 

deposition by primary dermal fibroblasts were investigated using a Scar-in-a-Jar assay. 

Chen et al. recently developed this assay in 2009 to enable analysis and quantification 

of collagen deposition in a single well.27 Since then many compounds that might affect 

fibrosis have been studied using the Scar-in-a-Jar assay. Additionally, in this study the 

assay has been modified to include measures of the orientation of the collagen type I 

deposited by the fibroblasts. This allows more complete assessment of the effects of the 

compounds on collagen deposition, providing a measure of ‘quality’ as well as quantity.  

 

There are three questions that were investigated in this chapter: 

1. Does the organic component of Nacre M8 increase the migration rate of fibroblasts 

and keratinocytes? 

2. Does the organic component of Nacre M8 increase the amount of collagen type I 

deposited by fibroblasts? 

3. Does the organic component of Nacre M8 increase the randomness of collagen type I 

orientation deposited by fibroblasts thereby yielding a more ‘normal’ structure?  

 

The first question will be addressed through scratch migration assay and the result is 

relevant for wound healing. The second and last questions will be addressed through 

scar-in-a-jar assay and their results are relevant not only for wound healing but also for 

the use of nacre in cosmetics or skin care products. 
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4.2. Material and Methods 

4.2.1. Materials 

4.2.1.1. Cell lines 

HaCaT28,29 and NIH/3T330 cell lines were used to model keratinocyte and fibroblast cell 

types respectively for the in vitro scratch migration assays. Primary human dermal 

fibroblasts were grown from explant cultures from three-millimetre punch biopsies. 

Fibroblasts between P2 and P4 were used for the Scar-in-a-Jar assays. 

 

4.2.1.2. Nacre Preparation and Conditioned Media 

Table 4.1 below summarizes the samples that were analyzed for both scratch migration 

and Scar-in-a-Jar assays. Media conditioned with Nacre M8, CaCO3 and Nacre G 

were prepared as described in section 3.2.1.6. In spite of the results from protein 

quantification that the protein content of media conditioned with Nacre G is only half 

that of media conditioned with Nacre M8 (see section 3.3.2), media conditioned with 

Nacre G might contain organic molecules that were lost during Nacre M8 preparation.  

Therefore, media conditioned with Nacre G was used in the Scratch Migration Assay. 

However, it was not used in Scar-in-a-Jar assays due to no significantly different results 

between samples treated with Nacre M8 and Nacre G conditioned media (see section 

4.3.1 below). Conditioned media of CaCO3 served as a positive control. 

 

Table 4.1. Experiment samples 
Scratch Migration Assay Scar-in-a-Jar 
Nacre M8 Conditioned Media Nacre M8 Conditioned Media 
CaCO3 Conditioned Media CaCO3 Conditioned Media 
Nacre G Conditioned Media  
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4.2.2. Methods  

4.2.2.1. Scratch Migration Assay 

The scratch migration assay was adapted from the method described by Liang et al.31 

2.0 x 105 cells were seeded into each well of a 12-well plate. The plate was incubated at 

37 °C with 5% CO2 until a confluent monolayer was formed. The scratch was then 

performed using a yellow p200 pipette tip. In order to smooth the edges of the cell free 

area, after the scratch was made the wells were washed twice with 1 mL of phosphate 

buffer saline (PBS). The cells were then suspended in 1 mL of normal media or 

conditioned media of Nacre G, Nacre M8 and CaCO3. Each experiment was made in 

triplicate (see Fig. 4.1).  

 

 
Figure 4.1. Arrangement of scratch migration assay. The white gap in the centre of 
the wells represents the scratch, which is cell free. 
 

The scratches were imaged at 0, 5, 18 and 24 hours using a light microscope 

(Olympus 1x51; final objective 4x). In between the imaging times, the well plate was 

incubated at 37 °C with 5% CO2.  The cover plate was inked to ensure the same 
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imaging areas were photographed. The cell free area was first marked using the Free 

Hand tool and then calculated using the Measure function using ImageJ.32 The 

percentage of scratch closure at 5, 8 and 24 hours was calculated as Equation 3. 

Equation 3: 

Gap Closure at time T (%) = (Cell free area at time T) x 100 
Cell free area at time 0 

 

4.2.2.2. Scar-in-a-Jar Assay 

The Scar-in-a-Jar assay was adapted from the method described by Chen et al.27 50000 

low passage primary human fibroblast cells33 were seeded into each well of a 24-well 

plate in normal media. After 16 hours of incubation at 37 °C with 5% CO2, cells were 

cultured in one of the conditions as described in Table 4.2 In all conditions the media 

contains 0.5% foetal bovine serum (FBS, JRH Biosciences, Lenexa, KS), 1% penicillin 

(Gibco) and 1% streptomycin (Gibco, Carsbad, CA). 

 

Table 4.2. Culture media contents 
Condition Additional media content 
Crowded 100 µM L-ascorbic acid 2-phosphate, 37.5 mg/mL 

Ficoll 70, 25 mg/mL Ficoll 400 and 5ng/mL TGFβ1 
Negative Control 100 µM L-ascorbic acid 2-phosphate 
Nacre M8 Conditioned 
Media 

100 µM L-ascorbic acid 2-phosphate, 37.5 mg/mL 
Ficoll 70, 25 mg/mL Ficoll 400, 5ng/mL TGFβ1 and 
Nacre M8 Conditioned Media 

Positive Control 100 µM L-ascorbic acid 2-phosphate, 37.5 mg/mL 
Ficoll 70, 25 mg/mL Ficoll 400, 5ng/mL TGFβ1 and 
CaCO3 Conditioned Media  

 

 After 6 days incubation at 37 °C with 5% CO2, the media was removed and the 

wells washed once with PBS. The cells were blocked with 3% bovine serum albumin 

(BSA) in PBS for 10 minutes at room temperature. The cells were then incubated with 

primary antibody (monoclonal mouse anti collagen type 1, Sigma Aldrich, Catalogue 

No. 2546 in 3% BSA in PBS) for 90 minutes at 37 °C with 5% CO2 followed by 
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washing three times with PBS. The cells were then fixed with 2% paraformaldehyde for 

10 minutes at room temperature and followed by washing three times with PBS. The 

cells were blocked again with 3% BSA in PBS for 10 minutes as above. Afterward, the 

cells were incubated with secondary antibody (Goat anti-mouse Alexa Fluor® 488, Life 

Technologies, Catalogue No. A11001 in PBS) for 30 minutes at 37 °C with 5% CO2. 

After the incubation, the secondary antibody was discarded and the cells were washed 

three times with PBS. In order to permeabilise the cells, 500 µl of 100% methanol was 

added into each well and then incubated at 4 °C for 20 minutes. Methanol was then 

removed and the cells were washed three times with PBS. 500 µl of Hoechst stain 

33258 (Invitrogen, Catalogue No. 3569) diluted 1 in 1000 with PBS was added into 

each well and incubated at room temperature for 20 minutes. The cells were washed 

with PBS for the last time and the plate was later covered in aluminium foil prior to 

imaging 

 

4.2.2.3. Imaging and Analysis 

Each well was imaged twice with a Nikon TE300 camera. The exposure time for nuclei 

(blue image) was set at 300 ms and for collagen (green image) at 1 ms. Both images 

were analysed using NIS-elements software (Nikon, Japan). First, the region of interest 

(ROI) of the blue image was determined to make sure that it covered the whole well. 

The position of the ROI was recorded to produce a green image with identical ROI. The 

threshold was then adjusted to provide optimum reading of nuclei. This was followed 

by using the ‘measure’ function, which provides object count and binary area. The 

binary area of the green image was divided by the object count from the blue image to 

give the value of collagen per cell. 
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 The orientation of collagen was analysed from the green image. The image was 

divided into 6 smaller ROIs. Empty spaces, where there was scarce or no collagen, were 

not selected. The selection of each ROI was blinded to prevent bias in site selection. 

The coherency of the collagen was measured using OrientationJ Measure plug-in in 

imageJ.34 This function essentially draws an ellipse for each ROI based on the 

orientation of the collagen fibres in the ROI being measured. When coherency is closer 

to 0, it means the collagen is more randomly oriented i.e. similar to the structure found 

in normal skin dermal matrix. When coherency is closer to 1, it means the collagen has 

lost its randomness and is elongated with parallel fibres predominating. This is more 

similar to scar dermal matrix. The values were exported onto a spreadsheet for 

statistical analysis.  

 

4.2.2.4. Statistical Analyses 

Scratch migration and Scar-in-a-Jar assays were performed in triplicate and 

quadruplicate respectively. All results were analysed statistically using GraphPad Prism 

6.0d for Macintosh (GraphPad Software, Inc. La Jolla, California, USA). One-Way 

ANOVA was performed for the Scratch Migration Assay and Scar-in-a-Jar to determine 

whether the treatments had an effect and presented as means + SD (p<0.05 as 

significant with 95% confidence). For the orientation of the collagen, the median of the 

coherency values were analysed using Mann-Whitney U-test (p<0.05 as significant with 

95% confidence). 
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4.3. Results 

4.3.1. Scratch Migration Assay 

4.3.1.1. NIH/3T3 Scratch Migration Assay 

 
Figure 4.2. Representative images of scratch area on NIH/3T3 cells at 0, 5, 18 and 
24 hours. Dashed lines were made to better illustrate the artificial wound bed area, 
which was cell free. The cells at the wound margin from the top and bottom were 
proliferating and invading the wound bed area. The cell free area was measured at each 
time point and the area at time 0 was set as the 100% wound area. 

 
 

Fig. 4.2 shows representative images of wound closure over the 24-hour post incubation 

period for a NIH/3T3 scratch migration assay. Additionally, the wound closure rates of 

the triplicates are presented as mean + SD in Fig. 4.3. The only significant difference 

observed was between Nacre G and CaCO3 at 24-hour post incubation (Nacre G, 

69.41 + 2.16 % vs CaCO3, 48.34 + 23.80 %, p<0.05). 
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Figure 4.3. Wound closure rate of NIH/3T3 fibroblasts treated with Nacre G, 
Nacre M8 and CaCO3 in 24 hours post incubation. Error bars show standard 
deviation. Significance was set at * p<0.05 
 

4.3.1.2. HaCaT Scratch Migration Assay  

 
Figure 4.4. Representative images of scratch area on HaCaT cells at 0, 5, 18 and 24 
hours. Dashed lines were made to better illustrate the artificial wound bed area, which 
was cell free. The cells at the wound margin from the top and bottom were proliferating 
and invading the wound bed area. The cell free area was measured at each time point 
and the area at time 0 was set as the 100% wound area. 
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Fig. 4.4 shows representative images of wound closure over the 24-hour post incubation 

period for a HaCaT scratch migration assay. Additionally, the wound closure rates of 

the triplicates are presented as mean + SD in Fig. 4.5. There was no significant 

difference in HaCaT migration rate when the cells were treated with Nacre G, Nacre 

M8 and CaCO3 at any time-point (two-way ANOVA; p>0.05) 

 

 
Figure 4.5. Wound closure rate of HaCaT keratinocytes treated with Nacre G, 
Nacre M8 and CaCO3 in 24 hours post incubation. Error bars show standard 
deviation. Significance was set at * p<0.05 

 

4.3.2. Scar-in-a-Jar Assay 

Fig. 4.6 shows representative photographs of (a) collagen type I and (b) nuclei from 

Scar-in-a-Jar assay. The number of nuclei corresponds to the number of cells. Fig. 4.6a 

was then divided into 6 ROI and the orientation of the collagen in each ROI was 

evaluated using the OrientationJ Measure as shown by Fig. 4.7. The ellipse drawn in 

each ROI indicates the coherency of the collagen. 
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Figure 4.6. Representative images of (a) collagen type I and (b) nucleus. 

 
Fig. 4.8 summarizes the amount of collagen per cell from the Scar-in-a-Jar 

assay. There was no significant different between Ficoll (the control under ‘crowded’ 

condition) and the normal Control. However, the amount of collagen/cell was 

significantly higher compared to Ficoll and Control when the cells were treated with the 

conditioned media of Nacre M8 or CaCO3 (Nacre M8, 2083 + 142 collagen/cell or 

CaCO3, 2713 + 386 collagen/cell vs Ficoll, 1125 + 270 collagen/cell or Control, 951 + 

335 collagen/cell, p<0.05). The amount of collagen/cell of the cells treated with the 

conditioned media of CaCO3 was also significantly higher than the ones treated with 

the conditioned media of Nacre M8 (CaCO3, 2713 + 386 collagen/cell vs Nacre M8, 

2083 + 142 collagen/cell, p<0.05). 
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Figure 4.7. A representative image of the 6 smaller ROIs. The red ellipses indicate 
the coherency of the collagen in that particular ROI. The more circular the red ellipses, 
the better. 

 
 The coherency values are shown in Fig. 4.9. The collagen type I 

produced from the Ficoll crowded group and conditioned media of CaCO3 were 

significantly less coherent (less aligned) compared to the Control (p-value 0.0286, 

significance was set at p<0.05). Finally, Fig. 4.10 shows the overlay image from 

collagen image and nucleus image from a representative of each group.  
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Figure 4.8. Amount of collagen per cell from scar-in-a-jar assay. Data is presented 
as mean + SD. Significance was set at *p<0.05. 
 

 

 
Figure 4.9. Coherence of collagen with different treatments. Data points represent 
replicates. Significance was set at * p<0.05. The lower the coherence value means that 
the architecture of the collagen is more random as in normal skin. 
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Figure 4.10. Overlay of nuclei and collagen images. a) Ficoll; b) Control; c) Nacre 
M8 and d) CaCO3 
 

4.4. Discussion 

The key findings from the above studies can be summarized as follows:  

1. The organic component of Nacre M8 and Nacre G did not significantly increase the 

migration rate of either NIH/3T3 fibroblasts or HaCaT keratinocytes. 

2. The organic component of Nacre M8 as well as the conditioned media of CaCO3 

significantly increased the amount of collagen type I deposited by primary dermal 

fibroblasts. 

3. The conditioned media of CaCO3 reduced the collagen coherence significantly, but 

organic component of Nacre M8 failed to follow suit.  
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4.4.1. Nacre M8 and Nacre G do not affect skin cell migration rates 

Despite prior evidence that the organic component of pearl nacre could improve the 

migration rate of human newborn foreskin fibroblasts (Hs68)4, the results above (see 

section 4.3.1.1) showed that the prepared organic component in this study had no effect 

on migration. These findings are in line with the results from Lee et al. who showed that 

pearl extract did not affect NIH/3T3 fibroblast migration rates.5 These conflicting 

outcomes might be due to the difference in the cell lines used in the studies. Hs68 

fibroblasts are primary cells while NIH/3T3 fibroblasts are immortalized cells. The 

plausible explanation regarding different responses between primary and immortalized 

cells have been discussed earlier in section 3.4.2. Additionally, newborn foreskin 

fibroblasts and adult skin fibroblasts commonly produce different responses.35 Adult 

skin fibroblasts, for example, grow at a slower rate than newborn foreskin fibroblasts.36 

Protein Kinase C-α that is known for its function in regulating cell proliferation also has 

higher activity in adult fibroblasts compared to foreskin fibroblasts.37 Further, 

telomerase activity in newborn fibroblasts has been reported to be 16-fold higher than in 

adult fibroblasts (p<0.05).38 Therefore, newborn fibroblasts may have an intrinsic 

potential to respond to external stimuli that is absent in adult fibroblasts. Since the 

purpose of this study is to assess possible therapeutic or cosmetic benefits of nacre the 

use of adult cells is more appropriate. Whilst WSM of nacre might exert an effect on 

newborn fibroblasts this is not relevant to the purposes of this study, as exemplified by 

the average age of a patient with a wound reported by the US Wound Registry which is 

61.7 years.39  

 

Besides the different types of fibroblasts used in the previous studies, the source 

of the pearl nacre could also attribute to these conflicting results. The pearl nacre used 

in the newborn foreskin fibroblasts was originated from a freshwater pearl oyster, 
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Hyriopsis cumingii Lea (Unionidae family).4 Meanwhile, the study that was performed 

by Lee et al. and had similar results to the current study used pearl nacre from a 

saltwater pearl oyster Pteria martensii.5 Both Pteria and Pinctada belong to the Pteriidae 

family. Additionally, Unionidae and Pteriidae families belong to Bivalvia class. 

Therefore, the oyster used in Lee et al. study is closer to the oyster used in the current 

study, Pinctada margaritifera. This habitat difference could result in chemical 

composition difference in the oyster shell, which in turn could dictate the effect of their 

organic components in the fibroblasts migration study. Gutmannsbauer and Hänni 

claimed that there is little chemical difference between saltwater and freshwater oyster, 

one of them is manganese (Mn).40 Mn occurs in the shell of freshwater oyster, Hyriopsis 

schlegelii, as MnCO3 and its oxides, but in the shell of saltwater oyster, Pteria 

martensii, it occurs as atomic Mn.41 

 

Overall, after 24-hours post incubation, none of the fibroblast samples showed 

closure of more than 80% (see Fig. 4.3). In contrast, all of the keratinocyte groups 

except for those treated with Nacre G had mean closure at 24 hours of >80%. This is 

inconsistent with previous findings which claimed fibroblasts have a faster scratch 

closure rate than keratinocytes.15 In these other studies, Walter et al. used L929 

fibroblasts and HaCaT keratinocytes15, while the current study used NIH/3T3 

fibroblasts and HaCaT keratinocytes. Thus, the contradictory findings might be due to 

the different biochemical responses of L929 and NIH/3T3 fibroblasts. A comparative 

study of the two fibroblast cell lines would be a simple way to resolve this issue. In a 

pharmacological study, Clenbuterol, a long-acting β2-adrenoceptor agonist, induced 

significant increase of nerve growth factor (NGF) mRNA in 3T3 cells but not in L929 

cells.42 In addition Hardilová et al. have reported a stress response to silver by NIH/3T3 

fibroblasts which was absent in L929 fibroblasts.43 Therefore it is clear these two cell 
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lines have different phenotypes and this is therefore the most likely explanation for the 

difference in scratch closure rates in comparison to HaCaT cells observed.  

  

 There were no significant differences between Control and treated groups 

(Nacre G, Nacre M8 and CaCO3 at any time point (p>0.05) for both NIH/3T3 

fibroblasts and HaCaT keratinocytes as summarized in Figs 4.3 and 4.5 respectively. 

These results were supported with the findings in Chapter 3 (see Figs 3.7 and 3.8) that 

the treated groups did not have significantly higher number of living cells. It was then 

natural that the treated groups did not have significantly higher wound closure rate. 

  

4.4.2. Calcium is important to stimulate collagen type I deposition 

The cell culture ‘crowded’ with Ficoll did not deposit more collagen type I than the 

Control as expected (see Fig. 4.8). Meanwhile, the primary cells treated with the 

conditioned media of Nacre M8 and CaCO3 produced significantly more collagen than 

both Ficoll and the Control (see Fig. 4.8).  

 

Higher collagen production is potentially beneficial in the early stage of the 

wound healing process to accelerate extracellular matrix formation.44 More rapid 

deposition of granulation tissue could enhance re-epithelialisation and lead to faster 

wound closure.45 Figs 4.6 and 4.7 show the collagen production after 6 days post-

stimulation. It is possible that the organic component of nacre contained in the 

conditioned media of Nacre M8 stimulated expression of collagen. Thus, organic 

component of nacre from Nacre M8 might be beneficial for wound healing.  

 

In order to avoid scarring, collagen production at a later stage of wound healing 

should be balanced by up-regulation of collagenase expression to degrade any 
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excess.46,47 If the high production of collagen (see Fig. 4.7) continued in the remodelling 

phase of wound healing, then scarring might be exacerbated. However, it is possible 

that the organic component of nacre could also stimulate collagen degradation or 

turnover in vivo. Therefore the effects of organic component of nacre on collagen 

turnover should be measured using other assays. For example, the level of collagen type 

I could also be measured using enzyme-linked immunosorbent assay (ELISA) through 

specific antibodies as described by De Scheerder et al.48 Alternatively, the degradation 

products from collagen type I could be measured by Serum CrossLaps One Step 

ELISA.49 An in vivo study is essential to get a holistic understanding of the effects of 

organic component of nacre on collagen metabolism. 

  

It was surprising that the primary cells treated with the conditioned media of 

CaCO3 had significantly higher collagen production than those treated with the 

conditioned media of Nacre M8 (see Fig. 4.8). Additionally, the conditioned media of 

Nacre M8 was not decalcified so there was still some calcium in this media. The 

solubility product constant (Ksp) for calcite (CaCO3) is 10-8.480 and for aragonite 

(Nacre M8) is 10-8.336.50 Therefore, the data here suggests that calcium alone better 

stimulates collagen production than soluble nacre extract. Ca2+ is an important 

secondary messenger in wound healing.51 The regulatory effect of Ca2+ and collagen 

synthesis has been well established52, yet the specific pathway still needs to be 

elucidated.53 Calcium alginate was reported to accelerate wound healing by up-

regulating collagen type I synthesis and the ratio between collagen type I and type III in 

diabetic rats.54 A study using chondrocytes revealed that increased extracellular Ca2+ 

induces collagen type X synthesis but not type II.55 Furthermore, chondrocytes favour 

the synthesis of collagen type I rather than type II when Ca2+ from CaCl2 is present at a 

concentration as low as 0.1 mM.56 Dstomat et al. suggests that higher pH due to the 
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introduction of Ca2+ is favourable for TGF-β activation, which stimulates collagen 

synthesis.53 Although Lee et al. have reported that calcium alone can facilitate collagen 

gene expression the same study also reported that WSM of nacre stimulated more 

production of collagen than calcium alone.5 This finding contradicts the current finding 

(see Fig. 4.8). Lee et al. suggested that the superior stimulation by WSM is due to the 

synergistic effect between the calcium and other molecules contained in it that have not 

been characterized.5 In Author’s opinion, this suggestion should be nullified. Similar to 

the current study, Lee et al. used calcite as a positive control and as mentioned above 

Ksp of aragonite is higher compare to calcite.5 Therefore at the same initial 

concentration, aragonite would have higher concentration of Ca2+ compare to calcite, 

which acted as a positive control. The level of Ca2+ in the media may therefore solely 

determine the beneficial effect of nacre extract.  

 

These contradictory findings could also be attributed to the different species of 

oyster used in the studies, which results in the variation of the organic molecules. Lee et 

al. used Pteria martensii5, while the current study used Pinctada margaritifera. 

According to the World Register of Marine Species, Pteria martensii is actually an 

obsolete name of Pinctada imbricata.57 Temkin provides an extensive explanation 

regarding the divergence pattern between P. margaritifera and P. imbricata using 

ribosomal DNA sequences.58 Nevertheless, there is no research to date that has 

examined the content of WSM from P. imbricata so no comparison could be made with 

the content of WSM from P. margaritifera. A future study could use the organic 

component of nacre from both species to investigate whether they produce similar 

results. 
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4.4.3. Calcium is important in maintaining the ‘normal’ architecture of collagen. 

The scar-in-a-jar assay has shown that collagen type I production was significantly 

higher when the primary dermal fibroblasts were treated with the conditioned media of 

Nacre M8 and CaCO3 (see Fig. 4.8). It has been reported previously that nacre could 

induce collagen production.59 Moreover, it has been discussed in section 4.4.2 that when 

an increased rate of collagen production is not balanced with increased collagen 

degradation, there is an accumulation of collagen in the dermis.46 This can be important 

in hypertrophic (poor) scar formation.60 The arrangement of these newly synthesized 

collagen bundles determines the likelihood of scar formation. Collagen bundles in 

normal skin tissue have random orientation, whereas in scar tissue the orientation is 

parallel with each other.61 The quantification of the orientation of the collagen bundles 

in the current study is summarized in Fig. 4.9. The chance of forming a scar increases 

with a coherence value higher than the control. From the data in Figs 4.9, it is apparent 

that the conditioned media of Nacre M8 and CaCO3 are very unlikely to increase the 

likelihood of scar formation. The most striking result from the data is that the 

conditioned media of CaCO3 significantly decreased the coherence value. The 

coherency value of Ficoll was also significantly lower than the control group (see Fig. 

4.9), but the collagen produced was not significantly higher than the control group (see 

Fig. 4.8). Additionally, as discussed above in section 4.4.2 both the conditioned media 

of Nacre M8 and CaCO3 contains Ca2+. Therefore, it seems that Ca2+ plays an 

important role in maintaining ‘normal’ collagen architecture. 

  

It has been mentioned several times in Chapter 1 that pearl nacre has been 

claimed to possess anti aging effect by researcher or skin care companies.62-66 One of 

the notable sign of aging is wrinkle and appearance of wrinkle is directly related with 

decreased amount of collagen.67 Therefore, the findings of this study suggest that pearl 
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nacre is acceptable to be used as an ingredient for skin care or cosmetics as it 

significantly increased the amount of collagen produced. However, the same data also 

revealed that other form of calcium carbonate could deliver a better result than pearl 

nacre.  

  

 The data from Fig. 4.9 also suggests that calcite (CaCO3) is a better choice than 

aragonite (Nacre M8) for wound healing application. Nacre M8 increased the amount 

of collagen significantly and at the same time did not increase the chance of scar 

formation. Meanwhile, CaCO3 also increased the amount of collagen significantly and 

concurrently significantly decreased the chance of scar formation. The current results 

contradict previous finding by Lopez et al. that claimed the opposite.59 Lopez et al. used 

nacre from Pinctada maxima, which is a close relative to Pinctada margaritifera that 

was used in the current study. Due to their genetic resemblance68, the chance that their 

organic component contributes to these contradicting findings is low and hence not 

considered. A more plausible explanation is that Lopez et al. did the experiment in vivo, 

while the current study was performed in vitro. As in vivo study is one step closer for 

medical application to real patient, it is therefore important to follow up the current 

study in in vivo setting. Thus, the claim made by Lopez et al. might later be reconfirmed 

or negated. 
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4.5. Conclusion 

The water-soluble matrix contained in the conditioned media of Nacre M8 did not 

promote faster migration rate of either NIH/3T3 fibroblasts or HaCaT keratinocytes. 

Additionally, the data suggested that conditioned media of CaCO3 was a better 

candidate for wound healing than conditioned media of Nacre M8 with its superior 

effect on collagen production and at the same time managing to lower the coherency of 

collagen. However, a follow up in vivo study is needed to validate the current finding. 
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Chapter 5: General Discussion 

 

5.1. Overview of research 

Skin is the largest organ in the body.1 Restoring wounded skin to its original state is a 

major challenge because adult skin does not have the capability to regenerate but heals 

by a reparative process resulting in scars.2-4 Therefore, an exogenous intervention is 

required to improve repair and reduce scar formation. Additionally, wrinkled skin is a 

visible sign of aging which is caused by collagen deficiency.5 There are many claims 

made by the cosmetics or skin care industry that their products could delay or even 

reverse this aging process.6-8 However, these companies rarely provide scientific 

evidence that can support their claims. There are also many procedures offered by 

medical clinics to combat aging but the efficacy is arguable.9 

 

Nacre or mother-of-pearl has been under scrutiny in the last decade for its 

efficacy for anti aging and wound healing. This study hypothesised that nacre contains 

organic and/or inorganic elements that are beneficial either for cosmetic use or to 

enhance wound healing. Despite the wide use of nacre in research there is no protocol to 

prepare nacre that is universally accepted. Additionally, there is no study to date that 

address the safety of nacre for skin. Therefore, Chapter 2 established a standardised 

protocol to prepare nacre using ball milling. The toxicity of nacre produced through ball 

milling was tested on HaCaT and NIH/3T3 cell lines and addressed in Chapter 3. 

Prepared nacre was further tested for its efficacy using two functional assays in Chapter 

4, namely, scratch migration and scar-in-a-jar assays. 
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5.1.1. Summary of results 

In this study, a paper describing a standardised protocol to generate nacre powder with a 

unimodal particle size distribution has been published.10 The nacre powder does not 

inhibit the growth of HaCaT or NIH/3T3 cells. The powder also does not elevate the 

level of reactive oxygen species in the cell cultures. Therefore, nacre prepared using the 

ball milling protocol does not appear to be toxic and is likely to be safe when applied to 

skin. The organic component of nacre did not increase the migration rate of HaCaT or 

NIH/3T3 cells. The data from scar-in-a-jar assay suggested that Ca2+ increased collagen 

production significantly and at the same time maintain a more “normal” architecture. 

This may be beneficial in wound healing and/or cosmetic applications. 

 

5.2. Limitations and Strengths of this Study 

5.2.1. Limitations 

The current study considers nacre tablets as pure aragonite10,11, instead of as a 

composite of nano-grains of aragonite and organic matrix.12,13 This limitation might 

have implications for the interpretation of the results in Chapter 3 which involved 

Nacre I that was assumed to be pure aragonite. Consequently, the only difference 

between Nacre I and Nacre G, Nacre M8 or Nacre M11 was the concentration of 

organic component.  

 

5.2.1.1. Nacre Preparations 

There are three limitations in this study that might directly or indirectly affect the results 

in the subsequent chapters. The first limiting factor is the high temperature of the ball 

milling process. Heat is one of the common causes of protein denaturation. Many 

proteins will denature at 41 °C.14 The temperature of the grinding bowl could reach 93 

°C at the end of the ball milling process. Considering that the temperature of the habitat 
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of Pinctada margaritifera that ranges between 23 – 26 °C15 it seems unlikely that the 

proteins could survive the heat generated during the ball milling process. However, 

Bourrat et al. claimed that nacre is stable up to 230 °C and degradation of the organic 

component did not occur until the temperature reached at least 250 °C.16 The ball 

milling apparatus used in this study was not equipped with internal thermometer to 

measure the temperature during the ball milling process. Despite the stability of nacre, 

the Author of this thesis suggests that the ball milling process be carried out at low 

temperatures to prevent explosion hazards. 

 

 Another limitation is that organic components from the matrix may also have 

been washed away during the recovery process. This may explain the low protein 

content of the conditioned media of Nacre M8 which is only about 58.2 µg/mL (see 

section 3.3.2), while another study showed that the organic component contained up to 

1 mg/mL.17 This loss could have been prevented if the milling was performed under dry 

conditions. However, dry milling was not recommended due to the unknown health 

hazard of airborne nanoparticles.18-20 The incomplete organic matrix might then limit 

the potential of Nacre M8 water-soluble matrix in wound healing if prepared using this 

method. Nacre M8 is the least contaminated preparation through ball milling (see 

section 3.2.1.2). Therefore other methods of preparation for the organic matrix, such as 

decalcification with weak acid or adding EDTA21, will need to be further investigated. 

 

5.2.1.2. Toxicity Testing 

The main limiting factor for the toxicity study was the use of immortalized cell lines 

rather than primary cells. It would have provided important additional data to use 

primary keratinocytes and primary fibroblasts in the study as they might give different 



	   139	  

responses. The differences between primary cells and these cells line have been 

discussed in more detail in section 3.4.2.   

 

Another limiting factor was the lack of identification of active compound in the 

conditioned media. The preparation of the conditioned media could also be improved 

with a concentration step by centrifugation. The possibility of bacterial and fungal 

contamination was not considered in the current study. The prepared nacre powder was 

not disinfected prior to use in experiments. Green et al. described a simple disinfection 

method using antibiotic and anti-mycotic solution.22 This should be applied for the 

toxicity testing as well as the functional assays. 

 

Change of pH was not considered an important factor in the current study due to 

low solubility of calcium carbonate in general as dictated by the solubility product 

constant (Ksp) of calcite (10-8.480) and aragonite (10-8.336).23 

 

5.2.1.3. Functional Assays 

The major limiting factor for scratch migration and scar-in-a-jar assays is the lost 

fraction of organic components during the nacre preparation process (discussed above in 

section 5.1.2.1). This lost fraction might also underpin the conflicting results between 

the current study and the previous published study discussed in section 4.4.2. Lee et al. 

claimed that WSM of nacre promotes higher production of collagen than calcium 

alone24, whereas the data in section 4.3.2 found otherwise. Using only one oyster 

species as the source of nacre is another limitation since differences between species, 

particularly in the organic components of the matrix, may make findings species 

specific rather than widely applicable. Another limitation is that there was only one 

culture of primary dermal fibroblasts used in the study. Using multiple primary cell 
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cultures is necessary to give a more accurate indication of individual variation, which is 

common and an important aspect of patient responses to any treatment.25,26 As there is 

significant genetic variability between humans it is critical to test multiple primary cells 

from different individuals to determine the frequency of the response to treatment. 

Furthermore, in the scar-in-a-jar assay lower amount of collagen might have higher 

coherence value which actually only reflects collagen deficiency rather than increased 

parallelism of the collagen bundles. 

 

5.2.2. Strengths 

5.2.2.1. Nacre Preparations 

As discussed in Chapter 2, the potential effect of modulating each parameter (volume of 

excipient, sample size, grinding ball size, number of balls, speed and duration) related to 

the ball milling process was systematically investigated in this study. This is a 

significant strength of the research presented here and will facilitate future studies on 

nacre processing with the impact on preparation of the many parameters now described. 

Finally, this study has also shown that varying the ball milling operating parameters can 

generate a product with minimal contamination of heavy metals. 

 

5.2.2.2. Toxicity Testing 

The major strength of this study is the agreement between the different tests used that 

demonstrate nacre is safe for skin. Following systematic literature reviews, to my 

knowledge no previous study has investigated the potential toxicity of nacre. Therefore, 

the findings from this study provide important preliminary data for further research and 

for the use of nacre in cosmetics or therapeutics. 
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5.2.2.3. Functional Assays 

The main strength of this study is that this is the first to investigate the effects of nacre 

WSM on collagen deposition and the architecture of deposited collagen. The data from 

this study suggest that the Ca2+ is the key to the potential effects of nacre on collagen 

deposition. This finding suggests that the actual benefits of using nacre may be limited 

and that the use of cheaper alternatives as the source of Ca2+ may be feasible. Further 

studies using more patients are required to validate this claim. 

 

5.3. Significance of these findings and relevance to the field 

5.3.1. Principles defined in Chapter 2 could be used as a template for upscaling to 

industrial production 

There are many cosmetics in the market that contain nacre powder as mentioned in 

section 1.2.4. In the United States, nacre is listed as mother-of-pearl (MOP) in the 

International Nomenclature Cosmetic Ingredient (INCI) of the Personal Care Products 

Council (previously known as Cosmetic, Toiletry and Fragrance Association-CTFA). It 

could be assumed that safety studies on nacre are required for the purpose of obtaining 

INCI accreditation. However, the study is not published and access to it requires an 

annual fee of between $995 and $8,750.27 Meanwhile, there have been many attempts to 

use nacre for therapeutic purposes either for skin or bone related issues.24,28-33 The 

safety study performed to obtain INCI accreditation is probably only for cosmetics and 

not medical purposes. Additionally, there are also very few regulations that dictate the 

permissible amount of heavy metals in cosmetics (see section 3.1).  

 

The current study is the first to investigate the quality of nacre powder produced 

by ball milling. It has been discussed in Chapter 2 that using pearl oyster from pristine 

water could solve the concerns regarding heavy metal contamination due to 
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environmental pollution. At the same time, a more prominent source of heavy metal 

contamination is potentially the ball milling process. The principles described in 

Chapter 2 regarding the effects of modulating each parameter on product contamination 

and particle distribution could be applied by the cosmetics industry to deliver 

uncontaminated nacre powder for use in cosmetics. 

 

5.3.2. Isolation of the organic component of nacre in its native state. 

The ball milling process has been proven to be effective to generate nacre powder.10 

However, this was at the expense of denatured proteins due to the high temperature 

during the process. Fractions of the organic component of nacre have been shown to be 

an important biological factor for osteogenesis both in vitro and in vivo.34 

Unfortunately, there was no mention regarding what were the controls in their studies. 

Chaturvedi et al. only used untreated cells as control when they made a claim that 

organic component of nacre mediates antioxidant activity and osteoblast 

differentiation.29 Therefore, there is a chance that other source of calcium could also 

deliver the same result or even better as in the current scar-in-a-jar assay. Moreover, in 

their wound healing study Lee et al. claimed that the calcium control by itself could 

catalyze fibroblast proliferation and type I collagen synthesis but it could be 

significantly increased when combined with the organic components of nacre.24 

Therefore, it is deemed necessary to isolate the organic component of nacre in its native 

state.35 This may also help to explain the morphological differences and the 

phylogenetic relationships between different oyster species.35 The active compound that 

is responsible for producing the beneficial effects in bone or skin could then later be 

identified from this pool of organic molecules. 
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 The simplest way to extract the organic component of nacre is with water.36 As 

the name suggests the macromolecules extracted through this method are restricted to 

the water-soluble components of the matrix. However, some proteins that are still 

trapped in the ‘brick and mortar’ structure cannot be extracted through this method, as 

well as any water insoluble factors. The most common method to isolate the organic 

components of nacre is through decalcification using EDTA, acetic acid or another 

weak acid.36 However, this acidic environment might also denature some proteins or 

break the quaternary structure of certain proteins. Zhang et al. has introduced an 

undecalcification extraction process of nacre protein using phosphate buffer (pH 7.0).37 

A matrix protein, p10, was extracted through this process and later crystallised.37 The 

limitation of this method is similar with the first two methods, namely, only the water-

soluble molecules are extracted. Rousseau et al. investigated the effect of nacre lipids on 

stratum corneum and for their study nacre lipids were extracted using a mixture of 

chloroform/ethanol (2:1) at a concentration of 500 mg/mL for nacre powder.33 This 

method could fill in the gap to extract the water insoluble molecules. In order to 

simplify the extraction process, Boulos et al. developed an extraction method using an 

ionic liquid, n-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6].11 The 

ionic liquid dissolves the organic matrix of nacre at room temperature and then the 

aragonite nacre tablets can be recovered leaving the complete organic matrix in the 

ionic liquid.11 The remaining challenge is how to separate the ionic liquid from the 

organic matrix. If the ionic liquid could be recovered, the theoretical leftover is a 

complete organic matrix. Then, an active compound could be identified from this pool 

of organic matrix. 
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5.3.3. Optimizing the use of ball-milled nacre for cosmetics purposes. 

As mentioned in Chapter 1, the general public is led to believe that the pearl nacre 

contained in the cosmetics will make their skin glow as the pearl is iridescent. The 

lustre from pearl nacre is a result of the ‘brick and mortar’ structure of the inorganic 

aragonite tablets and organic matrix.38 The incoming light to the ‘brick and mortar’ 

structure is diffracted and this diffraction creates the iridescence colour.39 Furthermore, 

the strength of the iridescence colour is determined by the smoothness of the surface 

and the width of the groove.39 A rough surface will produce less diffraction and the 

smaller width will produce stronger diffraction.39 The outer surface of the shell has 

grooves with smaller width compare to the inner layer, thus it produces stronger 

diffraction.39 If this outer surface is polished, the diffraction produced will be even 

better.39 Therefore, if the ‘brick and mortar’ structure is broken down, as in the case of 

nacre powder, the lustre will no longer be evident.  

 

Direct observation during preparation of nacre found that nacre from the shell 

still retained its lustre after being ground with mortar and pestle, i.e. Nacre G. 

However, nacre lost its lustre after being ball milled. Using the knowledge gained from 

Chapter 2, it will be possible to adjust the parameters for ball milling to obtain nacre 

powder within the desirable size range that is still lustrous. As mentioned in Chapter 2, 

the size of nacre tablets ranges from 5 – 15 µm.40 It has also been reported that if the 

width of the groove exceeds 11.5 µm, then no iridescence colour will be produced.39 In 

this case, the width of the groove can be interpreted as the size of aragonite tablet. So, in 

order to simplify the calculation the size of the nacre tablet is limited to 10 µm. The 

thickness of the tablet ranges between 0.3 – 0.5 µm dependent on species.41 If it is 

assumed that the minimum criteria are 3 tablets and 2 layers to allow diffraction to 

occur, the desirable size range of nacre particles is between 15 – 30 µm with a thickness 
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less than 1 µm. The parameters setting to prepare Nacre M8 could be used with speed 

reduction to 350 or 300 rpm. Nacre M8 was prepared at 400 rpm, so speeds higher than 

400 rpm is more likely to produce a finer particle than 5 – 15 µm, whereas speeds of up 

to 200 rpm were proven to require a much longer time to obtain high yield.  

 

 If adapting the ball milling process is successful, there will be no further need to 

add mica and/or other silica compounds into cosmetic products to provide the same 

effect as the nacre particles used will retain their natural lustre. This will improve the 

products and reduce the risk involved in using relatively untested compounds such as 

mica and/or other silica compounds in cosmetics on the skin. Other work has indicated 

that continuous exposure to mica dust could result in pneumoconiosis.42 Furthermore, a 

study of the effect of mica on cultured mouse macrophage cells (RAW264.7) revealed 

that 100 µg/mL of mica is a potent inducer of cell death.43 Heppleston has reviewed the 

toxicity of silica on the pulmonary system and described possible biochemical pathways 

of silica in inducing pulmonary fibrosis and carcinogenesis.44 Therefore the use of these 

compounds in cosmetics in not without risk, particularly with prolonged exposure. 

There are only 6 products in Table 1.2 that contain pearl nacre without mica and/or 

other silica compounds. Beside silica compounds, bismuth is another common 

ingredient in cosmetics that claim to have nacre in their products. As mentioned in 

section 1.2.4, bismuth is used due to its similar physical appearance to pearl powder. 

There are 5 products in Table 1.2 that listed bismuth in their ingredients. There are some 

claims that bismuth can render human skin yellow and leather-like, and long term use 

may induce paralysis of the minute blood vessels.45,46 However, Brinton and Napheys 

rejected these claims as they did not find those effects on their patients following 

internal and external administration for months.47 Given the conflicting and in some 

cases concerning data regarding the safety of other components in cosmetics, further 
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development of nacre powders that retain lustre and eventual replacement of other 

compounds with this nacre will likely be beneficial to the cosmetic industry. 

 

5.3.4. A number of cosmetics ingredients could be made redundant with the 

advancement of pearl nacre preparation. 

The manufacturers of the 21 products listed in Table 1.2 have tried to associate their 

products with pearl or properties of pearl directly or indirectly. There are 11 products 

that use the word “pearl” in their product name. However, only 6 products actually 

contain pearl. Further, only 2 out of 6 products do not have mica and/ or other silica 

compounds in their ingredients. These 2 products are Pearl of Youth Pearl Powder and 

Pond’s White Beauty Pearl Cleansing Gel. The other five products do not contain pearl, 

but mica and/ or other silica compounds instead. These 5 products are L’Oreal 

Infallible® 24Hr Eye Shadow Endless Pearl, Avon Rare Pearls Body Powder, Clarins 

White Plus Pearl-to-Cream Brightening Cleanser, Neutrogena Instant Nail Enhancer – 

Pearl Sheen and Oriflame Giordani Gold Bronzing Pearls. As discussed above in 

section 5.2.3, the cosmetic industry still relies heavily on added substances such as mica 

to produce the lustre effect or to lead customers to believe that it is pearl that delivered 

the described effect.  

 

Cosmetics have many other ingredients, which are added to promote skin 

rejuvenation. Hyaluronic acid (HA) is one of them. There are at least 3 products from 

Table 1.2 that added HA as one of the ingredients in addition to pearl and mica. One of 

them is a lipstick from Lorac Cosmetics, which claim that the pearl nacre contained in it 

can keep lips soft, smooth, supple and naturally rejuvenated.6 It was also claimed that 

the HA could fill in the fine lines on lips.6 HA is a polysaccharide made of D-

glucuronic acid and N-acetyl glucosamine.48 HA is mainly found in skin and is 
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important in all three stages of wound healing.49 The appearance of skin including lips 

is related to the amount and architecture of collagen.50,51 Toward the end of wound 

healing, HA is broken down and replaced by collagenous scar.49 Introduction of 

exogenous HA causes down regulation of fibroblast proliferation52, which subsequently 

results in lower collagen synthesis.53 For this reason, the remodelling is improved as 

reported by a study that introduced exogenous HA on a mouse limb organ culture, 

which stimulated scarless repair.54 In brief, exogenous HA decreases collagen synthesis 

and improves remodelling. Meanwhile, as discussed in Chapter 4 conditioned media of 

Nacre M8 increased collagen synthesis and maintain ‘normal’ architecture of collagen. 

Additionally, collagen provides strength and structure to skin. Therefore, substance that 

could promote higher amount of collagen on skin is preferred for cosmetics. For this 

particular reason, there are cosmetics that include procollagen peptide/s to stimulate 

collagen production. For example, Pearl Professional Anti-Wrinkle Mist from 

Starmaker (#17 in Table 1.2) added Matrixyl™ in their ingredients in addition to pearl 

powder and mica. Matrixyl™ is palmitotyl pentapeptide-3 and contains the sequence 

Lys-Thr-Thr-Lys-Ser.55 Matrixyl™ is a fragment of procollagen type I and traded by a 

cosmetic company Sederma from France.56 This peptide stimulates synthesis of 

collagen types I and II and also fibronectin.57 

 

In summary, with advances in pearl nacre preparation and given the positive 

effects of nacre on collagen production shown in this thesis, it is feasible that nacre may 

be effective in replacing many of the collagen peptide or HA based products currently 

used to promote collagen production. 
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5.4. Future work 

5.4.1. Improvements to experimental design 

In order to limit the possibility of protein denaturation, the ball milling could be 

performed in a temperature-controlled environment as described by Drai and Guillot.58 

It has been discussed in Chapter 2 that the ball milling apparatus has a higher chance to 

introduce heavy metals compared to environmental pollution. Therefore, it is 

recommended to use a ball milling apparatus made of tungsten carbide (WC) or silicon 

nitride (Si3N4) that are more resistant to degradation. The effects of nacre from different 

shell species could be examined to determine if some species have better effects than 

other. Oyster shell from other members of the Pinctada family such as Pinctada fucata 

or Pinctada maxima could be used. Even other species like the abalones (Haliotis sp), 

scallops (Pecten sp) or mussels (Mytilus sp) could become alternative sources of nacre 

as well. Although these different species might have some homologous nacre matrix 

proteins with P. margaritifera36, but each species has different sets of organic matrix 

components. It is possible that one of these components is toxic to skin cells. The use of 

these other species might validate the current finding to be widely acceptable rather than 

species specific to P. margaritifera. 

 

5.4.2. Future work for nacre preparation 

The principles discussed in Chapter 2 should be retested with nacre from other sources 

proposed above in section 5.3.1 to investigate whether the outcomes are reproducible 

among species. Furthermore, it would be very valuable for the cosmetics industry if the 

proposed work to break down nacre to a size range where the products still retain its 

lustre could be realised. Additionally, this different kind of nacre could also be prepared 

using ionic liquid as described by Boulos et al.11 The products of these two nacre 

preparations can be analysed for purity using inductively coupled plasma mass 
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spectrometry and atomic emission spectrometry (ICP MS-AES), thermo gravimetric 

analysis (TGA), x-ray diffraction (XRD) and fourier transform infrared spectroscopy 

(FTIR). 

  

5.4.3. Future work for toxicity testing 

The current results should be further validated using at least another keratinocyte and 

fibroblast cell line available before being tested on multiple primary cells and ultimately 

in vivo using an animal model. The current findings on the safety of nacre and increased 

collagen synthesis provides support for in vivo studies. The toxicity testing could also 

be enhanced with repeated dose in addition to the current single dose testing. The 50% 

lethal dose (LD50) for each preparation should be determined by testing several 

concentrations.  

 

The current toxicity study has excluded the damaging effect of heavy metal 

contamination from the ball milling process. Additional control treatments that are 

treated with Zr and Cd could further validate this claim. Preparation of conditioned 

media could be improved by using EDTA to extract soluble proteins as described by 

Liu et al.21 The EDTA preparation may contain proteins not included in the current 

preparation, or with components at a higher concentration than obtained in this study. 

This may explain discrepancies in data obtained using soluble components of the nacre 

between the study presented here and those of others. Therefore the use of additional 

protein extraction method is required to determine whether there are soluble 

components that can influence wound healing. 
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5.4.4. Future work for functional assays 

Future work should include analysis of the effects of nacre on elastin and TGF- β in 

addition to collagen. Elastin is also produced by fibroblasts.59 Furthermore, as 

mentioned in Chapter 1, elastin works together with collagen to provide resilience and 

suppleness to skin.60 TGF- β is also a critical regulator of the dermal matrix and wound 

healing process.2 Therefore, it will be important to investigate the effects of nacre 

components, either organic or inorganic, on elastin and TGF- β homeostasis. Other 

calcium salts such as Ca(OH)2, CaCl2 or Ca(NO3)2 and other calcium carbonate 

polymorphs could also be used as controls. Additionally, since cosmetics usually have 

substances other than nacre, then it is recommendable to do the assays with different 

kind of mixtures rather than with nacre alone. 
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5.5. Conclusion 

Despite the superior results produced by the calcium control, this study was the first to 

provide scientific evidence to suggest the use of nacre in cosmetics and wound healing 

regime is safe and has the potential to influence skin characteristics, including collagen 

amount. The work also provides a standardised methodology for nacre preparation that 

can be adapted for future preparations. These findings add valuable knowledge to 

understanding the mechanism of action of nacre not only for skin related studies but 

also for bone related studies. Further work to investigate the possibility of Ca2+ from 

different salts other than calcium carbonate to provide similar result is required to 

validate the current finding and to determine whether the use of nacre in cosmetic 

products and wound healing could be justified. 
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Appendix 1 

Paper published from the data in Chapter 2 
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Supporting Information 
 

Unfastening pearl nacre nanostructures under shear 
 

Edwin Setiawan Tjandra,a Ramiz A Boulos,a Peter Duncanb and Colin L Raston*a 

 
 
Planetary Ball Milling 
The shell nacre was milled according to the parameters in table 1. Other conditions 
tested but not listed in the table, include shorter durations (1, 5 and 10 minutes), lower 
speed (200rpm), less balls (100 5mm-balls and 2 20mm-balls), and/or smaller sample 
size (100mg). However, those conditions did not give optimum yield and introduced a 
lot of contamination as discussed in the paper. 
  
Table S1. Ball milling conditions of each sample 
Sample # Sample 

Size (g) 
Ball Size No of 

Balls 
Excipient 
Milli Q 

Speed 
(rpm) 

Duration 

1 15 5mm 200 15ml 400 4 hrs 
2 15 5mm 200 15ml 600 2 hrs 
3 15 5mm 200 15ml 800 30 mins 
4 15 5mm 200 15ml 1000 20 mins 
5 15 5mm 200 15ml 1000 30 mins 
6 5 20mm 4 30ml 400 2 hrs 
7 10 20mm 4 15ml 400 2 hrs 
8 15 20mm 3 15ml 400 2 hrs 
9 15 20mm 4 15ml 400 2 hrs 
10 20 20mm 4 15ml 400 2 hrs 
11 5 20mm 4 30ml 600 2 hrs 
12 10 20mm 4 15ml 600 2 hrs 
13 15 20mm 3 15ml 600 2 hrs 
14 15 20mm 4 15ml 600 2 hrs 
15 20 20mm 4 15ml 600 2 hrs 
 
Following the milling process the samples were suspended in 100 ml of Milli Q water 
and the suspension was immediately decanted into a clean container leaving the 
partially milled nacre behind, which was dried and weighed. The suspension was 
filtered using filter paper with a pore size of 2.5 µm. The residue was redispersed in 100 
ml Milli Q water and centrifuged at 3220 x g for 15 minutes. The supernatant was 
transferred and kept, while the pellet was redispersed in 100 ml Milli Q water and 
centrifuged as above. The residue was dried, weighed, and kept for analyses. 
 
Conventional Ball Milling 
As a comparison of the effectiveness of the planetary mill, a one-off experiment using a 
SPEX SamplePrep 8000D Dual Mixer/Mill® was carried out using a sample size of 
15g, 12 3/8" stainless steel ball and double distilled water as an excipient. The milling 
time was set to 2 hours at a speed of 875 cycles/min. Figure S1 shows TEM images of 
damaged aragonite tablets as a result of the milling process.  
 
 
 
 
 



	   163	  

TEM Images of Damaged Tablets 

 
Figure S1. Damaged aragonite tablets. (a) The tablet does not look like a polygonal 
aragonite tablet. (b) The rough edges of the tablet  are due to the shear force of  
conventional milling. (c) The damaged tablet almost being cracked into two pieces. The 
bar sizes are 0.2µm (a-b) and 0.5µm (c).  

 
Particle Size Distribution (Mastersizer Hydro 2000S) 
 
Table S2. Particle Size Distribution.  

Sample  # d (0.1) d (0.5) d (0.8) d (0.9) Max 
1 0.688 3 48.164 141.798 724.436 
2 0.597 1.822 22.07 102.793 316.228 
3 0.747 2.284 5.611 16.336 120.226 
4 0.737 2.546 17.313 41.89 91.201 
5 0.003 4.522 45.022 103.635 724.436 
6 0.456 14.852 327.987 450.803 831.764 
7 0.012 6.667 366.765 499.038 954.993 
8 0.888 2.949 6.554 9.309 22.909 
9 0.928 3.279 8.744 16.381 91.201 

10 0.861 2.809 6.696 10.404 26.303 
11 0.777 2.634 6.958 11.704 26.303 
12 0.799 2.669 9.806 51.585 138.038 
13 0.883 3.172 10.347 65.436 181.97 
14 0.802 2.495 5.805 12.241 91.201 
15 0.84 3.185 304.735 470.047 954.993 

 
d(0.1) value indicates 10% of the samples are below that size, d(0.5) value means 50% 
of the samples are below that size, d(0.8) value means 80% of the samples are below 
that size, d(0.9) value means 90% of the samples are below that size, Max value 
indicates the largest possible size of that sample. All values are in micrometer. 
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Figure S2. Particle size distribution of samples 1-5(a), 6-10(b) and 11-15(c). 
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Scanning Electron Microscopy (SEM) 
Samples were embedded on carbon tape and layered with 3nm Platina (Pt).  

 
Figure S3. Crushed nacre. (a) Multiple layers of aragonite tablets from crushed nacre 
and (b) its elemental analysis 

 
Figure S4. Milled nacre with various sizes and shapes. 
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X-Ray Diffraction (XRD) 
Ground and milled nacre were subjected to X-Ray powder diffraction analysis. Ground 
nacre was analysed as a control to determine the effect of heat and shear forces from 
milling processes on the phase transformation of aragonite. The percentage 
compositions are summarized in table S3. It is worthy to note that this analysis was 
meant for qualitative instead of quantitative analysis. So, the number below is a guide 
only as the margin of error from the software could be as high as 20%. 
 
Table S3. Percentage compositions analysis from XRD. 
Sample Aragonite Calcite Other 
Ground 79% 21%  
1 100% 0%  
2 75% 25%  
3 62% 38%  
4 66% 34%  
5 84% 16%  
6 100% 0%  
7 100% 0%  
8 89% 11%  
9 91% 9%  
10 93% 7%  
11* 95% 0% 5% ZrO2 
12 100% 0%  
13 100% 0%  
14 100% 0%  
15 89% 11%  
Conventional 86% 14%  
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XRD analysis of sample 9 before and after DSC treatment shows that aragonite 
transformed to calcite after treatment (see Fig. S5 below). 

 

 
Figure S5. XRD spectrum of sample 9 before (a) and after (b) DSC treatment 
showing that it only contains calcite. 
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Differential Scanning Calorimetry (DSC) 

 
Figure S6. DSC graph of the 15 samples. 
 
Fourier Transform Infrared Spectroscopy (FTIR) 
 

 
Figure S7. FTIR of Sample 9 corresponds to aragonite. 
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Inductively Coupled Plasma Mass Spectrometry and Atomic Emission 
Spectrometry (ICP MS – AES) 
 
Full analysis results of the ground nacre and the planetary milled nacre were given in 
Table S4. 
 
Table S4. ICP MS – AES data 

Sample\Atom Na Mg  Al  P  S  K  Ca  Fe  Sr  Zr  Li   

Ground 4810 1050 20.2 8.4 184 79.3 356000 32.2 1090 9.3 0.5 

S 1 2420 1600 14.3 7.0 169 24.6 363000 6.0 1220 1100 0.4 

S 2 1790 1990 30 2.7 164 15.3 364000 14.8 1180 5970 0.4 

S 3 2100 4040 6.3 8.3 169 20.3 382000 10.3 1150 828 0.4 

S 4 2190 1670 29.3 6.0 168 12.3 373000 7.1 1050 3140 0.5 

S 5 951 1690 13.6 4.3 166 6.81 376000 9.1 1150 2730 0.6 

S 6 3340 2400 47.7 1.1 161 38.3 366000 10.8 1090 10800 0.5 

S 7 3500 1270 108 2.5 166 36.4 361000 5.9 1090 3520 0.5 

S 8 3530 2650 0.2 5.3 178 38 370000 7.13 1210 25.1 0.6 

S 9 3510 2070 4.59 7.2 174 34.4 366000 8.9 1180 1600 0.5 

S 10 3430 1760 8.6 8.1 175 32 363000 6.8 1150 1640 0.6 

S 11 3280 9750 416 9.7 134 28.8 315000 25 909 104000 0.3 

S 12 3010 3440 94.4 8.3 169 31 361000 15.7 1070 24200 0.5 

S 13 3350 1970 12.1 6.1 167 40.5 366000 3.1 1170 2110 0.5 

S 14 3180 1770 21.5 4.7 168 34.2 370000 4.3 1070 5420 0.5 

S 15 3160 3140 26.7 8.9 171 34.8 360000 8.7 1110 5880 0.6 

            
Sample\Atom As   Se   Rb   Y   Nb   Mo   Pd   Ag   Cd   In    
Ground < 0.1 < 0.1 < 0.1 0.2 0.2 0.3 < 0.1 < 0.1 < 0.1 < 0.1  
S 1 < 0.1 < 0.1 < 0.1 51.1 0.4 0.2 < 0.1 0.2 1.2 < 0.1  
S 2 < 0.1 < 0.1 < 0.1 408 0.6 0.6 < 0.1 0.2 6.0 < 0.1  
S 3 < 0.1 < 0.1 < 0.1 61.1 0.61 0.2 < 0.1 < 0.1 0.9 < 0.1  
S 4 < 0.1 < 0.1 < 0.1 179 0.6 0.4 < 0.1 < 0.1 3.2 < 0.1  
S 5 < 0.1 < 0.1 < 0.1 185 3.1 0.4 < 0.1 0.1 3.2 < 0.1  
S 6 < 0.1 < 0.1 < 0.1 21.9 1.3 1.1 < 0.1 0.4 10.9 < 0.1  
S 7 < 0.1 < 0.1 < 0.1 5.2 1.33 0.5 < 0.1 0.2 4.0 < 0.1  
S 8 < 0.1 < 0.1 < 0.1 0.2 0.2 0.2 < 0.1 < 0.1 < 0.1 < 0.1  
S 9 < 0.1 < 0.1 < 0.1 1.8 0.4 0.3 < 0.1 < 0.1 1.6 < 0.1  
S 10 < 0.1 < 0.1 < 0.1 2.0 0.5 0.3 < 0.1 < 0.1 1.9 < 0.1  
S 11 < 0.1 < 0.1 < 0.1 119 4.7 8.6 < 0.1 4.2 111 < 0.1  
S 12 < 0.1 < 0.1 < 0.1 26.4 1.0 1.9 < 0.1 0.8 21.8 < 0.1  
S 13 < 0.1 < 0.1 < 0.1 2.6 0.6 0.3 < 0.1 < 0.1 2.2 < 0.1  
S 14 < 0.1 < 0.1 < 0.1 7.23 0.6 0.6 < 0.1 0.2 5.8 < 0.1  
S 15 < 0.1 < 0.1 < 0.1 7.5 0.7 0.6 < 0.1 0.2 6.2 < 0.1  
            
Sample\Atom Dy   Ho   Er Tm   Yb   Lu  Hf   Ta   W   Hg    
Ground < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 1 < 0.1 < 0.1 < 0.1 < 0.1 0.3 < 0.1 6.3 < 0.1 < 0.1 < 0.1  
S 2 < 0.1 < 0.1 < 0.1 < 0.1 0.8 < 0.1 36.2 < 0.1 < 0.1 < 0.1  
S 3 < 0.1 < 0.1 < 0.1 < 0.1 0.2 < 0.1 5.9 < 0.1 < 0.1 < 0.1  
S 4 < 0.1 < 0.1 < 0.1 < 0.1 0.4 < 0.1 17.1 < 0.1 < 0.1 < 0.1  
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S 5 < 0.1 < 0.1 < 0.1 < 0.1 0.4 < 0.1 16.8 0.2 < 0.1 < 0.1  
S 6 1.61 0.8 2.1 0.8 5.3 1.5 58.7 0.1 < 0.1 < 0.1  
S 7 0.5 0.3 0.7 0.3 1.7 0.5 20.2 < 0.1 < 0.1 < 0.1  
S 8 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.2 < 0.1 < 0.1 < 0.1  
S 9 0.2 < 0.1 0.2 < 0.1 0.6 0.2 7.8 < 0.1 < 0.1 < 0.1  
S 10 0.2 < 0.1 0.3 < 0.1 0.7 0.2 9.4 < 0.1 < 0.1 < 0.1  
S 11 10.9 5.3 14.5 5.7 39.1 10.8 489 0.4 0.3 < 0.1  
S 12 2.7 1.3 3.5 1.4 9.4 2.6 112 < 0.1 < 0.1 < 0.1  
S 13 0.3 0.1 0.4 0.1 0.9 0.3 11.3 < 0.1 < 0.1 < 0.1  
S 14 0.7 0.4 0.9 0.4 2.4 0.7 29.4 < 0.1 < 0.1 < 0.1  
S 15 0.8 0.4 1.0 0.4 2.6 0.7 31.7 < 0.1 < 0.1 < 0.1  
            
Sample\Atom Be   Sc   Ti   V   Cr   Mn   Co   Ni  Cu   Zn    
Ground < 0.1 0.2 44.3 1.2 2.5 2.7 0.2 0.9 1.6 2.5  
S 1 < 0.1 0.2 6.9 2.0 1.0 8.3 0.2 0.7 2.2 2.6  
S 2 < 0.1 0.8 5.1 2.2 1.0 7.3 0.2 0.4 0.7 2.6  
S 3 < 0.1 0.2 58.1 1.0 0.4 7.5 0.1 0.5 0.5 8.8  
S 4 < 0.1 0.5 9.1 2.2 0.8 9.7 0.2 0.4 0.4 3.4  
S 5 < 0.1 0.5 7.2 2.3 0.8 8.5 0.2 0.4 0.8 1.1  
S 6 < 0.1 1.5 15 1.9 0.9 11.5 0.2 0.7 1.0 2.1  
S 7 < 0.1 0.7 12.1 2.5 0.8 11.8 0.2 0.5 1.0 2.1  
S 8 < 0.1 0.2 7.0 1.5 0.9 8 0.2 0.5 0.8 1.6  
S 9 < 0.1 0.4 9.4 1.7 1.0 8.3 0.2 0.5 1.5 0.2  
S 10 < 0.1 0.4 10.9 1.9 0.9 9.4 0.2 0.4 0.6 1.6  
S 11 < 0.1 10.7 61.6 1.2 1.9 10.5 0.2 2.2 0.4 0.3  
S 12 < 0.1 2.5 23.5 2.2 1.3 9.8 0.2 0.9 0.9 4.4  
S 13 < 0.1 0.5 11.4 1.6 0.8 8.9 0.2 0.4 0.5 1.7  
S 14 < 0.1 0.9 15.2 2.2 0.8 9.0 0.2 0.6 0.9 0.5  
S 15 < 0.1 0.9 16.1 2.0 0.8 10.3 0.2 0.5 0.5 0.9  
            
Sample\Atom Sn   Sb   Te   Cs   Ba   La   Ce  Pr   Nd Eu    
Ground 0.8 < 0.1 < 0.1 < 0.1 0.8 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 1 1.3 < 0.1 < 0.1 < 0.1 0.8 < 0.1 0.9 < 0.1 < 0.1 < 0.1  
S 2 1.9 < 0.1 < 0.1 < 0.1 0.5 < 0.1 0.8 < 0.1 < 0.1 < 0.1  
S 3 1.3 < 0.1 < 0.1 < 0.1 0.5 < 0.1 0.7 < 0.1 < 0.1 < 0.1  
S 4 0.5 < 0.1 < 0.1 < 0.1 0.4 < 0.1 1.6 < 0.1 < 0.1 < 0.1  
S 5 1.1 < 0.1 < 0.1 < 0.1 0.8 < 0.1 1.1 < 0.1 < 0.1 < 0.1  
S 6 0.9 < 0.1 < 0.1 < 0.1 1.6 0.4 1.2 < 0.1 0.4 < 0.1  
S 7 0.9 < 0.1 < 0.1 < 0.1 1.0 0.2 0.7 < 0.1 0.2 < 0.1  
S 8 0.7 < 0.1 < 0.1 < 0.1 0.6 < 0.1 0.3 < 0.1 < 0.1 < 0.1  
S 9 0.5 < 0.1 < 0.1 < 0.1 0.6 < 0.1 0.3 < 0.1 < 0.1 < 0.1  
S 10 0.1 < 0.1 < 0.1 < 0.1 0.7 < 0.1 0.4 < 0.1 < 0.1 < 0.1  
S 11 1.4 < 0.1 0.3 < 0.1 7.4 2 7.8 0.6 2.8 0.2  
S 12 0.4 < 0.1 < 0.1 < 0.1 2.3 0.5 2.3 < 0.1 0.7 < 0.1  
S 13 0.8 < 0.1 < 0.1 < 0.1 0.8 0.2 0.7 < 0.1 < 0.1 < 0.1  
S 14 0.7 < 0.1 < 0.1 < 0.1 0.9 0.2 0.7 < 0.1 0.2 < 0.1  
S 15 0.3 < 0.1 < 0.1 < 0.1 1.1 0.2 0.8 < 0.1 0.2 < 0.1  
            
Sample\Atom Tl  Pb   Bi   Th   U   Ga   Ge   Gd   Tb   Sm    
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Ground < 0.1 0.2 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 1 < 0.1 0.4 < 0.1 < 0.1 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 2 < 0.1 0.3 < 0.1 < 0.1 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 3 < 0.1 0.2 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 4 < 0.1 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 5 < 0.1 0.1 < 0.1 < 0.1 0.2 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 6 < 0.1 0.2 < 0.1 2.2 4.6 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 7 < 0.1 0.2 < 0.1 0.7 1.5 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 8 < 0.1 0.2 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 9 < 0.1 < 0.1 < 0.1 0.2 0.5 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 10 < 0.1 0.2 < 0.1 0.3 0.6 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 11 < 0.1 < 0.1 < 0.1 15.6 31.5 0.131 < 0.1 3.5 0.9 < 0.1  
S 12 < 0.1 0.2 < 0.1 3.8 8.0 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 13 < 0.1 0.1 < 0.1 0.4 0.7 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 14 < 0.1 < 0.1 < 0.1 1.0 2.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
S 15 < 0.1 0.1 < 0.1 1.05 2.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1  
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Appendix 2 

Other papers published during the course of 

the thesis 
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