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Abstract 

Aim: The overall aim of this Thesis was to investigate the physical modification by 

encapsulation of GHK-Cu, a hydrophilic anti-ageing peptide, with lipid based nano-vesicles 

to address the barriers to cutaneous and cellular delivery.  The influence of the surface charge 

of the vesicles was particularly studied as it was hypothesized that a cationic charge within 

the niosomes would increase both cellular and trans-epidermal delivery. The specific 

objectives were to; (1) evaluate the key physicochemical properties of GHK-Cu for the 

eventual development of formulations for dermal delivery of this peptide, (2) develop 

niosomes as a nano-carrier system for GHK-Cu for the potential delivery into the skin, (3) 

evaluate whether niosomes could act as a potential delivery system to increase cellular 

absorption as well as trans-epidermal delivery, and (4) evaluate whether the biological effect 

of GHK-Cu can be improved through niosomal delivery, particularly with cationic niosomes. 

The mechanisms by which were explored. 

Methods: The physicochemical properties of GHK-Cu were characterized using 

conventional methods. High performance liquid chromatography and mass spectrometry was 

utilised for quantification of the parent compound and identification of degradation products. 

GHK-Cu was incorporated into niosomal carriers characterised by laser diffraction, 

transmission electron microscopy (TEM) and zeta potential analysis. Cationic niosomes were 

chosen and used for the experiments in this Thesis following optimization. A non-ionic 

niosome of the same composition was used as a reference. Human dermal fibroblasts were 

used for cellular uptake and intracellular trafficking investigations, imaged with confocal 

scanning laser microscopy (CLSM) and TEM. All trans-epidermal investigations were 

undertaken using ex vivo viable human skin using calcein as a fluorescent marker enabling 

observation with CLSM. The biological response of both niosomal delivery systems was 

firstly assessed using metalloproteinases (MMP-1, collagenase and MMP-2, gelatinase) and 

tissue inhibitors of metalloproteinases (TIMP-1 and TIMP-2) as markers in cultured primary 

human dermal fibroblasts. These markers were measured through their gene expression by 

real time quantitative polymerase chain reaction (RT-qPCR), normalised to the control. 

Additionally, the collagen and elastin contents was measured in fibroblast cells following 

GHK-Cu incubation. The Thesis culminated in a double blind placebo split face clinical trial 

of 40 participants to determine the effect of the encapsulated niosomal GHK-Cu on wrinkle 

depth and volume reduction. 
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Results: Preformulation studies indicated GHK-Cu was freely water soluble (325.09 ± 4.38 

mg mL
-1

) and hydrophilic with a logD of -2.49 through -2.38 over pH 7.4 to 4.5. Decreasing 

the pH caused the reversible dissociation of Cu ions from GHK. This effect proceeded 

rapidly from pH 4.26 downwards and was primarily caused by the protonation of the 

imidazole and glycyl residues. Therefore at the HPLC mobile phase with a pH of 2, it was 

only the GHK peptide that was measured. GHK eluted at 8.02 ± 0.10 min under isocratic 

conditions making it ideal for routine analysis. The LOD and LOQ were determined to be 

0.55 and 1.8 μg mL
-1

, respectively. The validation data, including that from mass 

spectrometry, proved the assay to be stability-indicating. 

Forced degradation studies identified hydrolysis as the main pathway of degradation, leading 

to the identification of three new products. The final product was verified with injections of 

pure histidine, a component amino acid. GHK was stable in water and in phosphate 

bufferered saline (0.1 M) at pH 7.4. The logD and solubility results incentivized the 

consideration of a lipid-based carrier system, in particular niosomes, to enhance the dermal 

delivery of GHK-Cu.  

A niosomal lipid based carrier system was subsequently developed for encapsulating GHK-

Cu. The size, surface charge and loading efficiency of the niosomes were optimized to 

enhance dermal delivery. A positive charge was obtained following post-insertion of 

didecyldimethylammonium bromide (DDAB) into the surface of Span 60/cholesterol based 

niosomes. The niosomes had a final size of 225.8 ± 7.7 nm for cationic and 193.3 ± 5.2 nm 

for non-ionic niosomes. A positive surface charge of 49.4 ± 1.2 mV was observed in cationic 

niosomes with a maximum entrapment efficiency of 9.7 ± 0.2% (w/w) of GHK-Cu was 

achieved for both systems.  

Calcein, having similar physicochemical properties to GHK-Cu, was chosen for CLSM 

studies. The mechanism of intracellular uptake, confirmed by TEM imaging, was clathrin-

mediated endocytosis. This evidence was primarily supported by the size, lysosome 

formation and clathrin pit formation in fibroblasts. ImageJ analysis of the confocal images 

showed a slight increase in intensity (83 vs 79) in the cationic treated samples over the non-

ionic treated ones. A larger number of lysosomes were imaged in cationic niosome treated 

cells. Endosomal escape was determined to be by destabilisation resulting from both a 

cationic lipid and a surfactant interaction with the endosomal membrane without affecting the 

viability of the cells. This was determined using a MTT test, which resulted in all 
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concentrations tested, except that of cationic niosomes at 10
-7

 M, having no detrimental effect 

on cell viability. CLSM images revealed that free calcein could not cross the stratum 

corneum. Niosomes however, both cationic and non-ionic, caused adsorption onto the surface 

forming a critical thermodynamic activity gradient, driving permeation into the dermis.  

Upon incubation with niosomes for 24 hours, fibroblasts showed greater expression of MMPs 

(> 2-fold, p<0.05) and TIMPs (>2-fold, p<0.05). The GHK-Cu solution showed a dosage 

dependent response in all MMPs and TIMPs whereby higher concentrations caused a 

decreased expression. The collagen and elastin production with cells incubated with the same 

concentrations of GHK-Cu, also showed a dosage dependent response for the solution. The 

higher the concentration of GHK-Cu the less collagen and more elastin were measured. 

Correlation between production and expression results showed that decreased MMP and 

TIMP gene expression results in more elastin and less collagen synthesis. The ratios of 

TIMP-1/MMP-1 were all >1 suggesting a trend towards decreases in collagen degradation. 

The ratios of TIMP-2/MMP-2 were <1, suggesting a trend towards increases in elastin 

degradation. 

Expression results from viable human skin upon the direct topical application of GHK-Cu, in 

solution and niosomes, could not be correlated to the in vitro results. In most cases, there was 

an overall decreased expression of MMPs and TIMPs in the skin after 24 hours application. 

At a concentration of 10
-9

 M, GHK-Cu, the cationic and non-ionic niosomes produced the 

lowest response in MMP-1 expression. Lower MMP-1 expression is indicative of slower 

collagen degradation. MMP-2 and TIMP-2 results were strikingly similar, providing further 

evidence to existing proof that these two proteins are linked. Cationic niosomes were chosen 

for in vivo clinical studies based on the TIMP-1/MMP-1 ratio, which was the highest of all 

the formulations examined. Considering that the dermis is between 70 – 80% collagen, an 

excess of collagenase inhibitors would be most beneficial for cosmetic anti-wrinkle effects.  

The double blind placebo split face clinical trial compared the nano-carrier (cationic 

niosome) encapsulated GHK-Cu, a lipophilic derivative of GHK (Matrixyl
®
 3000, Strivectin 

SD Advanced Concentrate) and a placebo (the serum without the GHK-Cu or niosomes). As 

a measure of activity, there was significant improvements (p<0.005) in wrinkle volume 

reduction compared to both the placebo and lipophilic derivative. Wrinkle depth also 

improved the most, however this was only moderately significant (p=0.057). The difference 

in wrinkle depth and volume versus the placebo indicate the effectiveness of the cationic 
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niosomal GHK-Cu in topical delivery. The cationic encapsulated GHK-Cu was tolerated as 

well as the marketed Matrixyl
®
 3000 product with only one participant reacting to both. 

Unfortunately the non-ionic niosome formulation was not tested due to financial limitations 

of the company.  

Conclusion: GHK-Cu was effectively encapsulated into cationic and non-ionic niosomes and 

effectively delivered into cells and passed the epidermis with significant biological effect. 

The in vitro and ex vivo studies essentially proved that cationic encapsulation of GHK-Cu 

was marginally better than the non-ionic counterpart for intracellular and trans-epidermal 

delivery. This research, for the first time, found that GHK-Cu could promote the cellular 

expression of MMP-1, MMP-2 and their inhibitors TIMP-1, TIMP-2 in human fibroblasts, 

and that it is their ratios that decided the changes in their substrates, collagen and elastin 

content on/in the cells. The in vivo clinical evidence suggests that dermal delivery of GHK-

Cu in cationic niosomes results in significant wrinkle volume and depth reduction with 

accumulative improvements.  
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1 Literature review 

1.1 Introduction 

General ageing is characterized by the accumulation of molecular damage and the 

progressive failure of maintenance and repair. Skin ageing has many visible and measurable 

characteristics, including loss of elasticity, dermo-epidermal junction flattening, tissue 

thinning, decreased barrier function, irregular keratinization leading to a yellow skin tone and 

decreased skin lipids (1).  

To slow these ageing processes in the skin, anti-ageing peptides and proteins have emerged 

and attracted great attention in the cosmetic industry (2). The targets of these peptides often 

involve the modulation of collagen and elastin production, cell proliferation, inflammation, 

cell migration, angiogenesis and melanogenesis (3). Whilst these targets are valid, clinical 

applications of bioactives, including the treatment of burns (4), reducing inflammation (5) 

and wound healing (6), traditionally regarded as cosmetic peptides and proteins have an 

increasingly significant place.  

A peptide is an organic compound consisting of two or more amino acids in which the 

carboxyl group of one is linked to the amino group of another (7, 8). The distinction between 

peptides and proteins lies in the size and length of the amino acid chain(s). Compounds with 

sequences exceeding 50 amino acids are termed proteins. Proteins can be categorized by their 

function; structural proteins are the building blocks of tissue, such as collagen and elastin. 

Peptides, similarly to proteins, are biologically active and are often components or precursors 

of larger proteins such as collagen. Topically administered peptides can reverse the signs of 

ageing (9, 10). These peptides are classified as an enzyme-inhibiting, signalling, 

neurotransmitter-inhibiting or carrier peptides according to their mechanism of action (3).  

The site of action therefore usually lies in the dermis. 

The dermis provides nutritional and functional support to the epidermis and contains cells, 

fibres and amorphous ground substance (11). In normal human skin, the structural proteins, 

elastin and collagen make up 2-4% and 70–80% respectively of the dry weight of the dermis 

(12). Over time these structural proteins deteriorate resulting in cutaneous signs of ageing. In 

women, for instance, skin ageing predominantly takes place after the age of 40 and will be 

noticed as a reduction in thickness and a decrease of collagen and elastin of between 1 and 

2% per year (13). The loss of elasticity in the dermis is associated with increased collagen 
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cross-linking with age (14). This layer has also been identified as being critical in wound 

healing (15) and maintenance of normal healthy skin (16). The dermis is therefore the target 

in both cosmetic and clinical applications where the control of cell differentiation, 

proliferation and stimulation of collagen and elastin are important (17). To gain effect for 

topical cosmetic and clinical applications, delivery to the site of action in the dermis is vital.  

Topical application of cosmetic peptides firstly requires the peptide to diffuse to the site of 

action through one of three common pathways (18). The skin is however, an effective barrier 

to the transport of compounds that are charged, hydrophilic and have relatively high 

molecular weights, such as peptides and proteins (19, 20). The literature reviewed in this 

Chapter summarizes the major biopharmaceutical and pharmaceutical considerations 

associated with dermal delivery of a peptide anti-ageing drug. Formulation strategies, 

particularly pharmaceutical encapsulation technologies, to overcome the challenges of dermal 

peptide delivery are discussed.  To better understand why dermal delivery systems are 

required, the structure of the skin is examined in detail.  

1.2 Skin structure 

The skin is the largest organ in the body (21) with a surface area of 1.8 m
2
 and weighing 4 kg 

in an average 70 kg adult (19). This multi-layered organ is composed of three distinct layers 

known as the epidermis, dermis and subcutaneous tissue. It is punctured by hair follicles, 

sweat glands and sebaceous glands, collectively, the appendages. The thickness of the layers 

and consequent skin thickness differ from site to site. For example, the skin on the forehead 

is an average of 1.57 ± 0.2 mm whilst that of the forearm is 0.95 ± 0.11 mm (22). Whilst one 

of the primary functions of the skin is to be a barrier, it is not impermeable. Different layers 

provide differing functions and resistance to permeability. The first barrier to absorption 

however, is the epidermis. 

1.2.1 Epidermis 

The outer most layer of the skin, being approximately 5% of the entire thickness, is known as 

the epidermis (schematic presented in Figure 1.1). The most abundant cell types are 

keratinocytes, formed by differentiation of the mitotic basal cells. The mitotic basal cells, by 

virtue of the description, are metabolically active and divide. These cells are found in the 

basal layer, which is otherwise known as the stratum germinativum. 
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Figure 1.1 Structure of the epidermis, reproduced with permission (23). 

 

The outermost layer provides the epitome of permeation prevention in being the major barrier 

in transdermal delivery. This non-viable, 20 cell thick cornified layer contains corneocytes, 

terminally differentiated cells that have lost the nucleus and are void of metabolic activity. 

The scleroprotein, keratin, dominates the constituents of these cells creating a framework of 

interconnected cells, bound by corneodesmosomes, surrounded by extracellular nonpolar 

lipids (24). This layer is the stratum corneum and contains 5 - 20% water, 40% keratinized 

protein and 20% lipids compared with the basal layer that contains 70% water (19). Together, 

all the changes that take place from basal layer to stratum corneum increase the mass transfer 

resistance of permeating drug (23). 

The lipids of the stratum corneum form the only continuous structure and as a result 

substances applied to the skin have to pass through this region. Due to different composition 

of the lipids the lipid phase behaviour is different from conventional biological membranes. 

Here crystalline phases predominate and a subpopulation of liquid lipids is likely to exist 

(25).  

Additionally to the keratinocytes, which differentiate into corneocytes, the epidermis contains 

dendritic cells. The first of these is the melanocytes, which lie adjacent to the basal layer and 

produce melanin, which is in turn transferred to the basal keratinocytes. Secondly, there are 

Langerhans cells bearing antigens and surface receptors which play a role in immune 
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recognition and contain enzymes that metabolize exogenous chemicals (26). Lastly there are 

Merkel cells, found in or near the basal layer of normal epidermis, which act as transducers 

for fine touch (11). The basal layer lies at the junction between the epidermis and dermis. 

1.2.2 Dermis 

The region of the skin between the epidermis and the subcutaneous tissue is known as the 

dermis. The dermis is 0.2 – 0.3 cm thick and is the locus of blood vessels, lymphatics and 

sensory nerves. The dermis can be divided into two zones namely the papillary dermis and 

the reticular dermis. The papillary dermis is a region of overlapping projections of connective 

tissue and epithelium whilst the reticular dermis lies directly below these interdigitations of 

epithelium (19).  They can be readily seen on the fingertips (as fingerprints) and are 

important in adhesion between the epidermis and dermis as the interdigitations increase area 

of contact (11). 

The dermis supports the epidermis both nutritionally and functionally and like all connective 

tissue contains cells, fibres and amorphous ground substance (11). The network of 

interwoven collagen fibres, laid down by fibroblasts, is finer in the papillary dermis than in 

the deeper reticular dermis. Collagen (Figure 1.2) has a high tensile strength and prevents 

tearing when the skin is stretched. Elastin fibres, found throughout this network, cause the 

dermis to return to the unstretched state. During the progression of ageing there is a decrease 

of fibroblast-like cells and an increase in mast cells (27). The increase in inflammation and 

immunological activity as well as a steady decrease in collagen and elastin production is 

therefore directly responsible for the signs of ageing such as sagging, lines and wrinkles.  

The defining feature of collagen is the triple helix that forms from three parallel polypeptide 

chains (Figure 1.2). The tight packing of polypeptide helices within the triple helix requires 

every third residue be glycine (Gly), resulting in a repeating XaaYaaGly sequence (28). Here 

Xaa and Yaa can be any amino acid and repeat in all types of collagen. The common amino 

acids in the Xaa and Yaa positions of collagen are (2S)-proline (28%) and (2S,4R)-4-

hydroxyproline (38%), respectively.  
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Figure 1.2 Structure and major composition of collagen adapted from (29). Circles indicate 

adjacent binding sites. 

 

Elastin does not exist in a ridged helix but rather in a random coil that is flexible around the 

Glycine amino acids (Figure 1.3). Proline causes elastin to stabilize and lower the flexibility. 

Substitution of proline with glycine increases flexibility. Water also increases elastin 

flexibility due to the increase in entropy that the water infers.  

 

 

Figure 1.3 Structure of elastin showing possible conformational changes adapted from 

Debelle (30). 

 

There are genetically distinct collagen fibres found throughout the body with types I (85%), 

III (Roughly 15%), IV and VII being found in the skin. The predominant cell types of the 

dermis include fibroblasts, mononuclear phagocytes, lymphocytes, Langerhans cells and mast 

cells. Two targets for anti-ageing therapy include mast cells and most noticeably fibroblasts 

where regeneration and improved wound healing has been documented in published material 

(31, 32).  



L i t e r a t u r e  R e v i e w  6 

 

1.2.3 Appendages 

The appendages are also found in this region. Skin appendages such as follicles, associated 

erector muscles, eccrine and apocrine sweat glands and sebaceous glands all originate in the 

subpapillary dermis. These appendages are found in varying number in differing anatomical 

sites. On average there are 40 – 70 hair follicles and 200 – 250 sweat ducts per square 

centimetre of skin. Sebaceous glands are the most numerous on the face, in the ear, on 

anogenital surfaces and on the midline of the back. These glands are primarily responsible for 

the maintenance of the acid mantle through sebum secretion. This excretion (consisting of a 

mixture of glycerides, cholesterol, wax esters, free fatty acids and squalene) acts as a 

lubricant, a source of stratum corneum plasticizing lipid and maintains acidic conditions (pH 

5) on the exterior surface of the skin (11).  

The eccrine sweat glands are coiled tubes arising from a tightly coiled ball 100 m in 

diameter lying in the lower dermis. This gland secretes a dilute salt solution with a pH of 

about 5. This is a temperature-controlled process whereby determinants such as exercise, 

high environmental temperatures and autonomic sympathetic nervous system stimulus can 

increase the secretions. Conversely the apocrine glands are limited to specific regions 

(armpit, breast aereola and perianal) and are roughly 10 times larger than their more 

numerous counterparts. These become evident after puberty (11) and due to the size and 

placement affect the permeation into the skin. 

1.3 Transport pathways into the skin 

Permeation of chemicals through the stratum corneum is essentially a diffusion-based process 

as there is no active transport. The rate-limiting step to diffusion is the layer with the highest 

resistance to permeation, which, for most compounds is the stratum corneum. However, for 

extremely lipophilic compounds, diffusion through the hydrophilic part of the epidermis and 

dermis can be the rate-limiting step when the stratum corneum is damaged or affected by a 

disease. There are three routes whereby actives may be delivered into the skin (Figure 1.4).  
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Figure 1.4 Three pathways for diffusion of compounds into the dermis, adapted from Fang et 

al. (18). 

 

1.3.1 Transcellular route  

This pathway is hydrophilic in nature composed of aqueous regions surrounded by polar 

lipids. These create micro-channels that have a high penetration resistance to lipophilic 

compounds and low resistance to hydrophilic ones (18).  Compounds diffusing through this 

route between the corneocytes do so within imperfections comprised of water. Most 

experimental evidence suggests that diffusion through the stratum corneum is however via 

the intercellular route (33, 34). 

1.3.2 Intercellular route  

Due to the largely impermeable nature of the cornified cells, the major route of penetration 

has been identified as the pathway between the corneocytes (Figure 1.5). This distinctly 

implies that the extracellular lipids, which are mostly cholesterol and free fatty acids with at 

least nine other ceramides, play a vital role in skin barrier function (34). The diffusional 

length around these cells is many times longer than the thickness of the stratum corneum and 

is estimated to be around 500 µm (35).  
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Figure 1.5 Diagrammatic representation of the lipid bilayers of the stratum corneum, adapted 

from Michael et al. (33). 

 

There are both lipid and polar pathways through the intercellular lipids (36). A study 

performed by Matsuzaki et al. indicated that the permeability of very polar solutes was 

almost constant through model stratum corneum membrane systems and similar to that of 

potassium ions. In the same study, permeability increased with solute lipophilicity for the 

more lipophilic solutes. This indicates that actives can be transported through both polar and 

non-polar pathways through the intercellular region. The last diffusion pathway is the 

appendageal pathway. 

1.3.3 Appendageal route  

The appendageal pathway consists of hair follicles, sweat glands and sebaceous glands. The 

contribution of appendageal diffusion is negligible as the relative diffusion volume of the 

pathway is so small compared with intercellular and transcellular routes (37). Depending on 

the formulation however, some compounds can enter through this route faster than others 

(18), which indicates that there are other factors that are involved in permeability other than 

the anatomy. 

1.4 Challenges to dermal delivery through topical application 

The challenges to successful and efficient dermal delivery involve many factors hinging on 

the properties of the active and the physiological factors on the delivery site. Not only is 
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knowledge of the anatomy important but also a firm understanding of these other factors 

affecting absorption. Physicochemical properties of the active are significantly important. 

1.4.1 Active component properties and permeability 

The physical and chemical nature of the active component directly influences the permeation 

through the skin. Many potential therapeutic substances carry a charge at physiological pH, 

are hydrophilic and/or have high molecular weights and, consequently, do not transport 

across the skin with much efficiency (38). This transport is initially determined by the 

physical state of the active. 

A compound existing as a pure power and a saturated solution have the same thermodynamic 

driving force for dermal absorption (33). Availability of the compound to the skin surface 

may however cause absorption rates to differ. The solubility of the compound in the medium 

and stratum corneum is therefore of importance (39).  The diffusion of compounds across the 

epidermis also involves other factors, one of which is molecular weight. 

Evidence suggests that the permeation and maximum flux decreases exponentially with 

increasing molecular weight (20). The upper limit of molecular mass for compounds able to 

cross the stratum corneum is difficult to determine, however, permeation rates for compounds 

exceeding 500 Da (Dalton) quickly declines. Ideally, in general, compounds being delivered 

to the dermis should have a molecular weight less than this value (40, 41). However, those 

actives small enough to pass relatively easily into the dermis may be hampered by charge. 

Actives that are charged or ionized do not penetrate the skin well. Of the charged particles 

that do, it is the crossing of cationic species that is favoured due to interactions with the 

negative charge of the skin (42, 43). Permeability coefficients for non-ionized compounds 

through the stratum corneum are generally one to two orders of magnitude greater than those 

of the ionized form of the same compound (19). Ionization effects are however less evident in 

maximum flux estimations. The precise association between ionized and non-ionized forms 

of the same compound is expected to depend upon the lipophilicity of the non-ionized 

chemical. This relationship furthermore depends on the vehicle and salt form of the 

compound used, as ion pairing could play a role in facilitating ionized drug transport. 

Penetration rates for ionized and non-ionized forms of the same compound in theory should 

be more alike if the non-ionized form is hydrophilic and less similar if it is lipophilic (19). 

This lipophilic/hydrophilic nature determines the partition coefficient.  
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The partition coefficient, also known as the distribution coefficient, is extremely important 

for compounds crossing the dermal barrier. An optimal Log P (octanol/water) between 1–3 is 

necessary for the permeant to successfully traverse the stratum corneum and the underlying 

aqueous layers (44). There is a delicate balance that exists between the solubility in the 

formulation vehicle and the distribution potential into the stratum corneum. This will affect 

the dose and concentration of the active in the vehicle. 

Fick’s law demonstrates that with increasing concentration gradient there is a net increase in 

flux ( 𝐽 ) as seen in Equation 1.1(45). Thus, with a higher concentration of penetrant applied 

to the skin, the more penetrant will likely permeate. This has been shown in studies with 

Caffeine, where flux increased with increasing concentration (46).  

 

Equation 1.1  

𝐽 = −𝐷
𝜕𝐶

𝜕𝑥
 

 

Where: ( 𝐷 ) Is the diffusion coefficient, (𝐶) the concentration of diffusing substance and ( 𝑥) 

the differential distance. 

 

This diffusional flux will vary as different areas on the skin alter in thickness, sweat gland 

density, hair follicle density and permeability. The choice of anatomical site therefore 

directly affects the absorption rate (47). Differences in absorption rate were seen in a study of 

caffeine, benzoic acid and testosterone, where compounds absorbed faster with thinner skin 

(48). Flux has the units of mass per cm
2
 per second. This indicates that the longer the applied 

substance comes into contact with the membrane, the more of the penetrant will permeate. 

The exposure time during research experimentation should therefore reflect normal use 

conditions. Rinse off products might have a 2 minute exposure whilst leave on products have 

up to a maximum of 24 hours (49).  
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1.4.2 Physiological factors affecting permeability 

Apart from those active properties discussed, there are a number of vital physiological factors 

that will affect the permeability of a compound. Anatomical site, due to the thickness of the 

skin, will affect compound absorption (19, 50). Closely related is the skin condition whereby 

penetration of actives is significantly affected if the barrier function is compromised (51, 52). 

Pathological factors (disease state, mechanical damage) increases compound permeation (53, 

54). Diseases such as psoriasis and eczema are characterized by a decrease of the thickness of 

the granular layer in the epidermis (19, 55). This has a substantial impact on the barrier 

function of the skin facilitating the systemic skin inflammation often seen with psoriasis (56).  

A rise in temperature increases membrane permeability, particularly in the stratum corneum, 

due to the effect on the crystalline structure of the lipid bi-layers (57). Temperature too 

increases blood flow to the skin, increases hydration and may cause sweating thus increasing 

permeation and solubility of actives (58). Occlusion also increases skin penetration by 

preventing water loss from the surface of the skin, increasing hydration and as a direct result, 

decreasing the protein network density and diffusional path length (54). Conversely, extreme 

increases in hydration may inhibit the transdermal hydration gradient along which penetrants 

might travel (59, 60).  

Age can influence both thickness of the skin and hydration levels. Physiological changes in 

aged skin include flattening of the dermal-epidermal junction, reduction in surface lipids and 

sebaceous gland activity, increasing stratum corneum dryness and atrophy of the capillary 

network leading to attenuation of the viable epidermis (19). Barrier function therefore 

increases with age with hydrophilic compounds being particularly influenced (decrease) (19). 

Those compounds that do enter the skin will eventually undergo catabolic metabolism. 

In summary, the choice of active, the physicochemical properties, the application site, the age 

of the individual and vehicle all affect how, and by what amount, an active permeates. It is 

therefore important to evaluate the peptide carefully. This process begins by reviewing what 

currently anti-ageing peptides are available. 
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1.5 Currently used anti-ageing peptides 

The four classes of anti-ageing peptide (Table 1.1) are discussed in finer detail in this section 

(3).  

 

Table 1.1 Cosmetic peptides, type and function. 

Class Mechanism of anti-ageing action Example 

Carrier peptides 

 

To facilitate the dermal delivery of trace elements, 

such as copper (Cu). Necessary for enzymatic 

processes, wound healing, and stabilization of 

these molecules (3, 61, 62).  

Glycyl-L-histidyl-L-lysine 

tripeptide (GHK, used as GHK-

Cu) (61)  

 

Signalling peptides 

 

To elicit a function directly though binding to a 

receptor (63). To stimulate fibroblast production of 

collagen, proliferation of elastin, 

glycosaminoglycans, proteoglycan and fibronectin 

(61). 

Syn®-coll (Palmitoyl tripeptide-5)  

DecorinylTM (a tetrapeptide) (3) 

 

Neurotransmitter-

inhibiting peptides 

 

To decrease facial muscle contraction, and 

consequently lines, by raising the minimum 

threshold for muscle activity. 

Argireline®,Vialox® and  

Syn®-ake (3) 

Enzyme-inhibiting  

Peptides 

To directly or indirectly inhibit an enzyme related 

to ageing process. 

Glycine soya protein (Preregen®) 

(64, 65) and Sericin (3) 

 

 

1.5.1 Carrier peptides 

Carrier peptides facilitate the delivery of trace elements such as copper and magnesium, 

necessary for enzymatic processes and wound healing, and also act to improve the 

stabilization of these molecules (3, 61, 62). One such example is GHK. This peptide 

complexes with copper (GHK-Cu) and delivers it to cells (66). Copper is of particular 

importance in anti-ageing cosmetics as this metal enhances wound healing, angiogenesis and 

enzymatic processes in the skin. Lysyl oxidase (LOX) is a copper and lysyl tyrosyl cofactor 

containing amine oxidase that plays a critical role in catalysis of lysine-derived crosslinks in 
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extracellular matrix proteins, collagen and elastin, in the dermis (14, 67). Changes to the 

extracellular matrix proteins contributes to the loss of elasticity in the dermis, often seen as 

increased cross-linking with age (14). LOX has been linked to wound healing, cell migration, 

proliferation, differentiation and motility (68, 69).  

GHK-Cu will be fully discussed in Section 1.6.  

1.5.2 Signal peptides 

Signal peptides directly illicit a function though binding to a receptor, of which many an 

example can be found (63). Peptides with the ability to stimulate fibroblast production of 

collagen might improve the clinical appearance of fine line and wrinkles. This could similarly 

be accomplished through signal peptide mediated proliferation of elastin, 

glycosaminoglycans (GAGS) , proteoglycan and fibronectin (61). 

One such signal peptide, lysine-threonine-threonine-lysine-serine (KTTKS), is the sequence 

found on type I procollagen (70). This peptide stimulates collagen synthesis by increasing 

production of extracellular matrix proteins types I and II collagen and fibronectin (71, 72). 

When linked to palmitic acid KTTKS delivery through the epidermis is enhanced in order to 

improve action in the dermis. A study performed on this currently marketed product, 

palmitoyl pentapeptide-3, provided significant evidence for reduction in wrinkles and fine 

lines (73).  

1.5.3 Neurotransmitter-inhibitor peptides 

There are a number of ways to prevent neurotransmission. Some peptides act on the N-

ethylmaleimide-sensitive factor attachment protein receptors whereas other might block ion 

channels, neurotransmitters or other parts of the neuromuscular junction. 

Some cosmeceutical neurotransmitter-inhibitor peptides were developed to mimic botulinum 

neurotoxins. These toxins inhibit the release of acetylcholine at the neuromuscular junction 

(3). There are seven types (A - G) of botulinum toxin that act at peripheral cholinergic 

neurons. Here the botulinum selectively proteolyse synaptosome associated protein of 25 000 

Da (SNAP-25), syntaxin 1 and synaptobrevin, the protein receptor (SNARE) complexes 

responsible for exocytosis of synaptic vesicles containing acetylcholine (74, 75).  

The target of type A is SNAP-25, which is responsible for the successful docking and release 

of acetylcholine from the presynaptic vesicles. Type B cleaves vesicle-associated membrane 

protein (VAMP), also known as synaptobrevin. Similarly to SNAP-25, VAMP is essential for 
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fusion and docking of the presynaptic membrane and vesicle (3). In practice, these 

polypeptides are used to inhibit repetitive contraction of muscles during facial expression and 

thus reduce the formation of hyperkinetic facial lines (76). Topically applied cosmeceuticals 

using these actives purport to decrease facial muscle contraction, and consequently lines, by 

raising the minimum threshold for muscle activity. Argireline, a currently marketed 

cosmeceutical anti-ageing peptide, is a synthetic peptide patterned on SNAP-25 that inhibits 

the SNARE formation and thus acetylcholine release (77). In a trial with Argireline, a 27% 

improvement in periorbital rhytids (wrinkles) was seen after 30 days (3). 

1.5.4 Enzyme-inhibitor peptides 

As the name demonstrates, this type of cosmeceutical anti-ageing peptide directly or 

indirectly inhibits an enzyme. Soybean protein, naturally extracted from soybean seeds, 

inhibits proteinase formation. Studies performed with this active delivered topically showed 

an increase in collagen, papillae index and stimulation of glycosaminoglycan contents 

compared with the placebo (64, 65). 

All classified types of peptides have exhibited anti-ageing function. Therefore it is not the 

function that becomes the predominant factor in choosing a peptide for delivery but rather the 

physicochemical properties. The chosen peptide for this study is thus examined further, 

highlighting these properties. 

1.6 Glycyl-histidyl-lysine-copper (GHK-Cu) 

1.6.1 Chemistry  

The tripeptide glycyl-histidyl-lysine (GHK), first isolated from human plasma in 1973 by 

Pickart and Thaler (66), spontaneously forms a high affinity complex with copper, glycyl-

histidyl-lysine-Cu (GHK-Cu, Figure 1.6). X-ray analysis identified two residues, glycine and 

histidine, of the GHK that bind copper whereas the side chain of lysine may be involved in 

the recognition of receptors responsible for the uptake of copper into cells (78). This is 

similar to the copper transport sites on plasma albumin, or α-fetoprotein, in which the histidyl 

residue, which binds copper, is immediately adjacent to either a lysyl or argininyl residue. 

This implies that the combination of a histidyl unit next to a basic residue constitutes a 

biologically active structure critical for copper uptake. 
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Figure 1.6 Chemical structures of A) GHK-Cu (Molecular weight 403.92 g.mol
-1

); and its 

constituent amino acids; B) glycine (MW 75.07 g.mol
-1

), C) histidine (MW 155.15 g.mol
-1

) 

and D) lysine (MW 146.19 g.mol
-1

). 

 

1.6.2 Biological effects  

GHK is a carrier peptide, facilitating the transportation of the trace element copper. Studies 

have shown that GHK-Cu has a number of sites of action and that it is the copper complex 

that is biologically active, not the Cu or GHK alone (79). Copper ions alone (100 pM, 10
-10

 

M) were shown to be toxic to fibroblasts in culture whilst at the same concentration, GHK-

Cu was not, suggesting that the binding of copper ions into GHK-Cu permits the delivery to 

cells without inducing toxicity (80).  

Due to the action of the peptide on connective tissue regulation GHK-Cu has been called a 

‘matrikine’ along with other regulators such as laminin and fibronectin (81). Maquart et al. 

found dose related effects of GHK-Cu to include increases in dry weight, total protein, 

collagen and glycosaminoglycan content in rat skin (82). Elastin, when detected by its 
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isodesmosin and desmosin content, also increased after GHK-Cu injections into the wound 

site. Further analysis of pro-α1(1) messenger ribonucleic acid (mRNA) (ratio of pro-α1(1) to 

GADPH mRNAs) showed collagen gene expression increased in GHK-Cu treated chambers. 

Similarly Simeon et al. reported increases in pro-α1(1) and pro-α1(3) mRNA after dosing 

GHK-Cu into rat wound chambers (83).  

In addition, GHK-Cu complex functions as an activator of tissue remodelling (84) by 

increasing secretion of matrix metalloproteinase-2 (MMP-2) and tissue inhibiting 

metallopeptidases, TIMP-1 and TIMP-2 in cultured fibroblasts (79). MMP-2 is one of at least 

15 secreted proteins which are involved in the degradation of extracellular matrix (ECM) 

substrates, necessary for tissue remodelling such as wound healing (79). Another matrix 

metalloproteinase, MMP-1, degrades the predominant collagen type found in the dermis (85) 

with expression increasing in fibroblasts upon exposure to copper (86).  

However, these physiological functions require tight regulation, as unchecked MMP activity 

can lead to abnormal development and the establishment of pathological conditions (87). The 

loss of this regulation is typical in cardiovascular disease, ulcers and fibrotic diseases (88). 

Other conditions characterized by heightened inflammatory responses, such as arthritis and 

ulcerative collitis, involve MMP activity (89, 90). This uncontrolled expression and 

regulation of MMPs signifies a typical heightened inflammatory response (91). Either an 

overexpression of these proteins leads to an increase in proteolytic activity, or the inhibition 

of MMPs results in inadequate degradation of ECM components. The modulation of 

inflammatory responses, in particular by MMP-1 and MMP-2, include leucocyte recruitment, 

clearance of pathogens and toxins and disruptions cytokine proteolytic activity (92, 93).  

Correct modulation allows for tissue remodelling to take place after the initial phase of 

wound healing (94). Due to the central role of fibroblasts in recognition and remodelling of 

wounds, it is hypothesized that fibroblasts are the primary cell type involved in the response 

to GHK-Cu (79). Studies have also shown that GHK-Cu is able to increase the MMP-2 

expression at a transcriptional level (95), and may also act at the post-transcriptional level by 

increasing the half-life of MMP-2 mRNA (79). 

Important for the cosmetic industry, GHK-Cu also functions as a signal peptide to promote 

extra-large collagen aggregate degradation in scars and collagen synthesis in normal skin 

(80), which provides strength and support to skin. GHK-Cu also regulates elastin (a key 

extracellular matrix protein that is critical to the elasticity and resilience of skin), 
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proteoglycan and glycosaminoglycan production (96), migration of different cell types and 

anti-inflammatory and antioxidant responses (97).  

The down-regulation of collagen synthesis is undoubtedly central to the deleterious changes 

observed, whilst failure to replace damaged collagen with newer materials is also critical to 

overall pathophysiology. With an approximate 6% of dermal mass lost per decade (98), the 

dermis is the likely target for this synthesis booster peptide.  

GHK-Cu is one of the most widely used agents for wound healing and anti-ageing, 

administered by topical application (61, 99, 100). GHK-Cu caused population doubling in 

primary human dermal fibroblast cell lines and increases in fibroblast growth factor (FGF) 

and vascular growth factor (VGF) production (99). A 12 week trial of topically administered 

GHK-Cu in 71 volunteers demonstrated improvements in skin clarity, fine lines, viscoelastic 

properties, thickness and density of the skin with no irritation reported (100). Other trials 

report significant improvements in skin appearance (101), increased dermal keratinocyte 

proliferation and increased pro-collagen synthesis (102).  Other uses include cognitive health 

(103), ulcer treatment (104), angiogenesis (96) hair growth (105) or even bone repair (106).  

1.6.3 GHK-Cu: the choice of anti-ageing peptide for dermal delivery  

GHK-Cu was chosen as the peptide for dermal delivery aimed at achieving cosmetic anti-

ageing effects in this research. The reasons for doing so are numerous. GHK-Cu has been 

widely used for decades so its safety is assured. It has a molecular mass of 403.92 g mol
-1

  

(which is similar in size to most other anti-ageing cosmetic peptides) and therefore research 

from this PhD might be applied to other similar peptides. Finally, there is no research 

published on the formulation modification of this peptide to achieve improved permeation 

into the dermis. This research is therefore unique and will be the first published material on 

the formulation modification of GHK-Cu. 

It is well known that topical delivery of hydrophilic peptides to the dermis, where fibroblasts 

reside, is a significant challenge due to the skin’s natural barriers. Permeation into the skin 

depends on physicochemical factors such as molecular size, stability, tissue binding affinity, 

lipophilicity and solubility (61).  For a peptide, it is ideal to have a molecular weight of less 

than 500 Da, moderate partition coefficient of between 1 and 3 and no or few polar centres 

(107). Despite the established efficacy of GHK-Cu in dermal tissues and its wide use in 

topical formulations, little physicochemical data is available in the literature. The peptide is 

charged however and increasing the efficacy of permeation into the skin would require a 
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delivery system. These are reviewed in the following section to identify the most appropriate 

for use in this PhD project. 

1.7 Pharmaceutical strategies to enhance dermal delivery of peptides and 

proteins  

There are three common approaches that have been employed to aid in the dermal delivery of 

peptide/proteins: 1) chemical (108) and physical penetration enhancers may be used to 

transiently modify stratum corneum permeability, 2) chemical modification of the peptides 

and proteins to make the molecule more lipophilic (109) and 3) formulation modification 

might be performed to render the peptide molecule more permeable (110). The last two 

strategies involve chemical derivatisation or encapsulation into a lipophilic core (111). These 

are summarized in Table 1.2 with appropriate examples. Each of these is covered in greater 

detail in the following sections. 

1.7.1 Penetration enhancers 

1.7.1.1 Chemical penetration enhancers 

Chemical penetration enhancers (also known as sorption promoters or accelerants) have been 

traditionally used for the enhancement of skin penetration (112). These interact with the lipid 

domain of the stratum corneum, disrupting these, and causing fluidization. Other mechanisms 

include disruption of the packing motif, intercellular domains, desmosome connections, 

metabolic activity or altering thermodynamic activity (112). Chemical enhancers include the 

use of dimethylsulphoxide  (113), azone (114), pyrrolidones (115) and fatty acids (116) or 

fatty alcohols (117) amongst others. When co-administered with a peptide/protein their action 

on the skin is to improve the peptide/protein penetration. For example, Magnusson and Runn 

(118) reported a significant increase in the flux across human epidermis in vitro of 

thyrotropin releasing hormone, from 0.92 + 0.03 to 1.6 + 0.02 µg.cm
-2

.h
-1

, with the use of 

ethanol and cineole. Unfortunately, most peptides and proteins are hydrophilic with high 

molecular weights requiring substantial action by the penetration enhancer to have an effect 

(118). This approach is therefore limited in value for larger peptides and special care needs to 

be taken to ensure that the enhancer chemicals do not denature the peptides. Whilst there 

have been a number of successful permeation enhancers employed for peptide delivery to the 

skin, their use is hampered at high concentrations by irritation (117). 
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Table 1.2  Summary of pharmaceutical strategies for the topical delivery of peptides and proteins including outcomes. 

  

Pharmaceutical strategy Peptide/protein 
In vitro/vivo 

model 
Outcome Reference 

Chemical penetration 

enhancers     

ACSSSPSKHCG Insulin 

Abdominal rat 

skin Serum levels of Insulin detected Chen et al. (119) 

 

Human growth hormone 

Abdominal rat 

skin Elevated serum levels of HGH detected Chen et al. (119) 

Haptide 

Recombinant melanoma 

protein Mouse ear skin 

At least a 2 fold increase in serum levels compared with 

control 

Frankenburg et al. 

(120) 

Trypsin Bovine insulin 

Shaved mouse 

skin A 5.2 fold improvement in permeation, dose related Hou et al. (121) 

Ethanol and terpene 

Thyrotropin releasing 

hormone Human epidermis 

Increase of penetration (1.6 + 0.02 µg.cm-2.h-1 with 

penetration enhancer vs 0.92 + 0.03 µg.cm-2.h-1 without) Magnusson et al. (118) 

Physical penetration 

enhancers     

Iontophoresis LHRH Human skin 

Flux increase from 0.006 ± 0.004 µg.cm-2.h-1 using AC 

current to 9.87 ± 4.91 µg.cm-2.h-1 using pulsed DC current Raiman et al.(122) 

Electroporation Cyclosporine A Rat skin 

60 fold increase in permeation compared with passive 

delivery Wang et al. (123) 

Sonophoresis Insulin Porcine skin 

Significant reduction in glucose levels over control (-72 ± 5 

vs 31 ± 21 mg.dL-1) Park et al. (124) 
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Micro-emulsions 

    

  Desmopressin Human skin 

Significant improvement of total amount absorbed into 

deeper tissues Getie et al. (125) 

 

anti-TNF monoclonal 

antibodies Mouse foot 

Reduced inflammation, distal skin penetration, no systemic 

absorption measurable Himes et al. (5) 

Encapsulation 

    

Liposome Interferon-2a-b Guinea pig Reduced wound contraction and collagen expression Ghahary et al. (126) 

 

Interferon-a 

Viable human 

skin 2 fold Increase in skin deposition Foldvari et al. (127) 

Niosome Human tyrosinase plasmid 

Abdominal rat 

skin Enhancement of transdermal absorption Manosroi et al (128) 

Ethosome 

Low molecular weight 

Heparin Mouse skin 

No skin permeation seen in solution. Ethosomes resulted in 

skin delivery Song et al. (129) 

 

Ovalbumin antigen peptide Piglet skin 

Significant improvement in skin permeation over liposomes 

and solution Rattanapak et al. (130) 

Transfersome 
Low molecular weight 
Heparin Mouse skin 

A 2.5 fold increase in Heparin delivered to skin over 
ethosomes Song et al. (129) 

Chemical 

modification 

    

Arginine oligomers Cyclosporine A Mouse skin Delivered into the skin (fluorescence microscopy) Rothbard et al. (131) 

 

Cyclosporine A Human skin Delivered into the skin (fluorescence microscopy) Rothbard et al. (131) 
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Low molecular weight 

protamine Epidermal Growth Factor Mouse skin 

Acceleration on wound closure, permeation 11 times higher 

than control Choi et al. (132) 

Electrospun fibre 

mats 

    Polycarbonate 

terpolymers P12 

Porcine wound 

model Quick release, no inflammatory response, non-toxic Macri et al. (4) 

Polyethylene glycol 
polylactide fibroblast growth factor Rat wound model 

Burst release, sustained release over 4 weeks, enhanced 
proliferation of fibroblasts Yang et al. (32) 

Solid Lipid Particle 

    

SLN Cyclosporine A 

Abdominal rat 

skin 

A 7.4 fold increase in skin permeation was seen over an oil 

control Kim et al.  (133) 

NLC 

Human epidermal growth 

factor Rat wound model Wound area improved over control (96.65 vs 82.32) Gainza et al. (134) 

Combination 

approaches 

    

Biphasic vesicles Insulin 

Abdominal rat 

skin 

Serum levels increased and a 43.7% decrease in blood 

glucose was observed King et al. (135) 

 

Interferon alpha Human skin 

Clinically significant levels were delivered with marked 

therapeutic effects in patients Foldvari et al. (136) 
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On the other hand, peptides themselves can act as penetration enhancers to enhance dermal 

delivery of other proteins (119, 120). The mechanism of which is unclear apart from time-

lapse studies suggesting transient openings forming in the skin barrier. Chen et al. (119) 

observed elevated levels of insulin and human growth hormone, following transdermal 

absorption through rat abdominal skin, after co-administration of a short synthetic peptide 

ACSSSPSKHCG. Further investigations of this effect are required to extend findings to 

human skin. A similar study performed by Frankenburg et al. (120) observed increased 

antibody production, in mice, to a topically administered recombinant melanoma protein co-

administered with a peptide penetration enhancer. As peptide penetration enhancers are less 

irritant than chemical enhancers they may find wider use in the future. 

An interesting concept has been studied using trypsin, a proteolytic enzyme, to alter the 

stratum corneum structure enabling the delivery of peptide/proteins (121). For instance, the 

permeation flux of bovine insulin, through rat skin, increased 5.2 fold with improvements 

being dose related. This treatment found that plasma levels of glucose dropped to less than 

60% leading this technique to transdermal delivery more than dermal. Fluorescent 

microscopy indicated penetration was through hair follicles and via the intercellular pathway. 

This does show however, that this method might be a new viable way of delivering peptides 

and larger proteins into the skin. 

1.7.1.2 Physical penetration enhancers 

Physical penetration enhancers such as iontophoresis (122), electroporation (123) and 

sonophoresis (124) have been used to non-invasively enhance the penetration of 

peptide/proteins into the skin. Iontophoresis uses an electrical potential difference to deliver 

hydrosoluble, ionized molecules. The success of this technique, as shown by Raiman et al 

(122) when delivering a luteinizing hormone releasing hormone (LHRH) and Nafarelin into 

human skin. The amount delivered is determined by the quantity of charge, intensity, 

duration and surface area in contact with the electrode.  It was of importance to note that 

alternating current (AC) could not transport either LHRH or Nafarelin across the skin. Direct 

current (DC) is therefore preferred for this technique (75% pulsed DC resulted in 9.87 ± 4.91 

µg cm
-2

 h
-1

 LHRH passing across the epidermis as opposed to AC which delivered 0.006 ± 

0.004 µg cm
-2

 h
-1

).  
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Similarly to iontophoresis, electroporation uses electricity to enhance permeation. 

Electroporation differs in that higher voltage is used to cause structural perturbation of the 

lipid bilayer in the stratum corneum. This reversible rearrangement has been shown by Wang 

et al.(123) using rat skin in a Franz cell experiment, to improve the skin delivery of 

cyclosporine A (60 fold increase compared to passive delivery). This technique has been 

shown to be more effective than iontophoresis in delivering heparin across human skin (137), 

however, has the drawback of limited patient tolerance due to induced muscle spasms and 

pain (138). 

Sonophoresis uses ultrasound to hypothetically cause microcavitation in the skin, disordering 

the stratum corneum lipid bilayers and aiding diffusion. Therefore, sonophoresis doesn’t have 

the same side-effects of electroporation. Insulin has been successfully delivered to pigs in 

vivo with significant (p<0.05) reduction in glucose levels compared with the control group 

(124). Other proteins delivered using this method include heparin (139) and erythropoietin 

(140). The results from all these physical penetration enhancing techniques indicate the 

feasibility for their use in delivering peptide/proteins into the skin. Their use however is 

restricted due to the machinery and cost involved.  

For further reading into other non-invasive techniques including, laser ablation, thermal 

ablation and radiofrequency ablation readers are referred to a recent review paper by Kalluri 

et al. (141). 

1.7.2 Chemical modification of the peptide/protein 

Coupling or conjugation of a peptide/protein to a lipophilic moiety (109) such as lauric (142), 

palmitic (142), myristic, stearic or oleic (127) acid produce a derivative of the protein/peptide 

that is more skin permeable. Using this technique the cutaneous absorption into human skin 

of a parent compound, such as interferon alpha (ITF-α), increased from 0.4 ± 0.1 to 2.1 ± 1.2 

µg cm
-2

, a 5 fold increase (127). Another pertinent example is Matrixyl
®

 3000 (Figure 1.7) 

(143). Matrixyl
®
 3000

 
is a combination of palmitoyl oligopeptide and palmitoyl tetrapeptide-

7. Palmitoyl oligopeptide is a lipophilic derivative comprising palmitic acid and GHK 

(Palmityol-GHK, Pal-GHK). Palmitoyl tetrapeptide-7, another lipophilic derivative, 

comprises palmitic acid joined to glycine-glutamine-proline-arginine. Matrixyl
®
 3000 was 

used a comparison product (Strivectin SD Advanced Concentrate) in the clinical trial in this 

Thesis.  
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Figure 1.7 Chemical structure of Pal-GHK, a lipophilic derivative of GHK with palmitic acid. 

 

Using conjugates with cell penetrating peptides (CPPs) has also been studied as an attractive 

approach to translocate the payload into the deeper skin layers. These CPPs including TAT 

(144), transportan (145), poly-Arg (146) and penetratin (147) are covalently linked to their 

cargoes and aid internalization into cells. The first step, according to the currently proposed 

mechanism, is adsorption via the CPP at the cell surface due to the negative charged 

membrane components sialic acid (148), phospholipidic acid (149) or heparin sulphate (150), 

followed by cellular internalization.  Among several CPPs, TAT peptide is widely studied 

and extensively used for drug delivery. Lopes et al. showed that TAT was able to translocate 

a hydrophilic peptide, P20, into the human skin (151). 

A study by Nasrollahi et al. (152) illustrated CPPs as a potential approach to successfully 

deliver  topically applied cosmetic proteins. Pep-1, a CPP, showed fast and effective transport 

of elastin into cultured NIH-3T3 fibroblast cells (ratio of 10:1) without toxic effects. 

Cyclosporine A (a protein to dampen the immune system in the treatment of autoimmune 

diseases and to prevent transplanted tissue rejection) has been conjugated with arginine 

oligomers and delivered across mouse and human skin, without detectable levels in 

circulation (131). The penetration results indicated that the complex could not only penetrate 

deep into the skin, but also enter cells. The release from this conjugate was biologically 
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active in both in vivo and in vitro tests resulting in inhibition of inflammation. The dermal 

deposition and cellular localization depending on concentration applied. Other examples of 

peptide delivery with CPPs includes arginine-rich intracellular delivery with green 

fluorescent protein (121) and YARA (also a CPP) with a model peptide P20 (153). In vitro 

studies across porcine skin indicated that covalently binding the peptide P20 to YARA (a 

protein transduction domain) increased penetration flux from 0.15 ± 0.03 to 0.35 ± 0.09 

nmol.cm
-2

 (153).   

Recently a botulinum toxin type A (BoNTA) was conjugated with a unique CPP 

(unspecified) (154).  This conjugate was incorporated into a gel for the topical treatment of 

lateral canthal lines (crow’s feet) and provided to 36 subjects, male and females between the 

age of 30-60, to evaluate safety and efficacy. The results collected after 4 weeks after the 

single application saw 81.6% of participants displaying improvements in canthal lateral lines 

over a placebo. These results correlated to a 53 – 84% improvement, with no increase in 

severity or duration of adverse effects.  

These successful studies demonstrate the potential of CPPs to effectively deliver proteins and 

peptides into the skin for therapeutic applications. Along with the successes of this technique, 

there is increasing awareness of the side-effects that may result from non-selective cell 

penetration effects (155). Uncontrolled CPP-linked cargoes might become life threatening if 

cytotoxics are used as therapeutic agents. Any systemic administration resulting from topical 

application is therefore a concern. Future investigation and use of this technique does need to 

restrict undesired action to a minimum. 

1.7.3 Formulation approaches 

The last major strategy to enhance dermal delivery focuses on the formulation modification 

whilst leaving the active intact. 

1.7.3.1 Microemulsions 

Microemulsions are of low viscosity, thermodynamically stable systems consisting of two 

phases of oil and water stabilized by an interfacial film of surfactant molecules, frequently in 

conjunction with a co-surfactant (156). Depending on the formulation components and ratio 

they can be oil in water (o/w), water in oil (w/o) or bi-continuous with the dispersed phase 

globules ranging from 5 to 100 nm. Microemulsions increase dermal penetration due to the 

presence of surfactants, which are widely used as penetration enhancers (157). Total 
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penetration is also enhanced due to their solubilisation effects allowing incorporation of large 

amounts of active as well as the hydration effects on the stratum corneum (158, 159). 

Microemulsion formulations compared to conventional vehicles, like hydrogels, emulsions 

and liposomes, have been shown to be superior for both transdermal and dermal delivery. 

This is particularly true for lipophilic compounds, but hydrophilic compounds also appear to 

benefit from formulation in microemulsions (160).  

There are a number of reported studies using microemulsions for dermal peptide delivery in 

human skin. Water-in-oil microemulsions were used as they are particularly suitable to entrap 

protein/peptides in the aqueous droplets and deliver the peptides effectively into the dermal 

layer (125, 161). A microemulsion formulation of desmopressin was able to significantly 

increase (p<0.05) the amount of active absorbed into deeper tissue layers of human skin 

compared to a conventional emulsion (125). Other studies using animal models demonstrated 

that the topical administration of the high molecular weight proteins, anti-TNF monoclonal 

antibodies Remicade™ and Humira™, in water-in-oil microemulsions reduced inflammation 

in the feet of mice (5). Biodistribution studies found that the molecule rapidly penetrated into 

the skin strata and also penetrated laterally into the distal regions of the skin with 

approximately 70% of the protein found in the skin.   

A drawback to microemulsion use, however, is the large amount of surfactant required to 

reduce the interfacial tension, which increases the probability of skin irritation or toxicity 

(162). As a direct result, biocompatible surfactants have been sought to provide the cosmetic 

industry with efficient microemulsion delivery systems with low toxicity. One such example 

is lecithin, a naturally occurring non-toxic phospholipid that acts as a surfactant (Hydrophilic 

Lipophilic Balance = 8) (163).  

In the cosmetic industry, an increasing trend towards cheaper formulations is required for 

both product development and customer satisfaction. Microemulsions provide a number of 

benefits to dermal peptide delivery, without higher costs associated with some other delivery 

methods, and can be easily prepared and scaled up for larger manufacture. 

1.7.3.2 Encapsulation 

Carrier systems that possess an aqueous core surrounded by a lipid or surfactant bilayer and 

have been extensively studied in literature (164, 165) to deliver peptides and proteins to the 

dermis (166, 167). For the purposes of this review a representative summary is presented 

examining liposomes, transfersomes, ethosomes and niosomes. Each can be further classified 
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as unilamellar (single), oligolamellar (few) or multilamellar (many) according to the number 

of concentric bilayers. These vesicles possess a hydrophilic core making them ideal carrier 

systems to encapsulate and protect peptides and proteins within the vesicles.  

The use of liposomes has distinct advantages for dermal delivery, they are; biocompatible 

and biodegradable, able to provide sustained release of the encapsulated active compounds, 

favour active deposition in the skin, improve stability and provide penetration enhancement 

to compounds (168-170). Different mechanisms for liposomal delivery of actives into the 

skin have been proposed. One of them is the free drug mechanism whereby drug permeates 

independently (liposome does not cross into the epidermis but act as a depot) after leaving the 

vesicles (171). However, this mechanism fails to explain the enhanced dermal penetration 

which has been reported (168). A contrasting mechanism suggests that changes take place in 

the intercellular lipids upon topical application of liposomes, allowing penetration of the 

vesicles themselves. The vesicles then fuse with skin lipids thereby increasing drug 

permeation (169). Of particular importance for absorption into the skin is the size of the 

elastic vesicle. Carriers larger than 10 μm remain on the surface of the skin, 3-10 μm 

concentrate in hair follicles and only particles below 3 μm are able to penetrate the stratum 

corneum (169). These values should only be used as a guideline as the deformability of the 

elastic vesicles will clearly have an influence as discussed below.  

A study by Ghahary et al. (126) demonstrated that liposome encapsulated interferon-2α-b 

(IFN-2α-B), an anti-fibrotic factor, significantly reduced wound contraction, tissue 

cellularity, and collagen expression in dermal wounds of guinea pigs (in vivo) compared with 

placebo controls. Interferon- α was also placed into liposomes and examined for deposition in 

human skin (127). Results indicated a 2-fold increase in skin delivery over the control 

solution. Liposomes have been used in cosmetics to deliver peptides, such as collagen and 

UV-absorbers (172). The first topical product to use liposomes was “Capture” by Dior in 

1986. Now several hundred products utilize liposomes (173). Typical liposomes are 

phospholipid bilayered vesicles with an aqueous core (169). A good example if this 

technology is β-White™, which is a TGF- β biomimetic peptide encapsulated in a liposome 

(Lucas Meyer) (174). 

It has become evident that conventional liposomes, produced from phospholipids alone, often 

fail to penetrate deeply into the skin but remain confined to the upper layers of the stratum 

corneum due to their lower potential to deform (175). To this effect, a newer class of ultra-
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flexible deformable liposome, transfersomes, has been developed capable of transport 

through skin (176). Transfersomes have been defined as ‘vesicular particles’ consisting of at 

least one inner aqueous compartment surrounded by a lipid bilayer with appropriately 

tailored properties attained by addition of surfactants (177). Compared to conventional 

liposomes, transfersomes are highly deformable and elastic due to the presence of surfactants 

acting as ‘edge activators’, which accumulate at high stress zones. Edge activators are often 

single chain surfactants that can destabilize the lipid bilayer and increase deformability by 

lowering interfacial tension (168). These edge activators aid the vesicle to deform, allowing 

penetration through pores in the stratum corneum 10 times smaller than the conventional 

liposomes (178), making this carrier system more attractive. Topical delivery by 

transfersomes and conventional liposomes was compared by Barry et al. (176) who reported 

the maximum flux (mass.cm
-2

.s
-1

) of the female hormone oestradiol was increased by 14-17 

fold and 8.3 fold, respectively, compared to an aqueous formulation control. Other studies 

using cyclosporine A, melatonin and methotrexate, saw increased permeation and dermal 

deposition (up to 50% of the administered dose in the case of methotrexate) using 

transfersomes when compared with conventional liposomes (179, 180). These compelling 

results indicate that certain deformable liposomes are well suited to intradermal delivery and 

have clinical and cosmetic applications for peptide/proteins (181). 

Another lipid carrier, ethosomes, contains a high content of ethanol (20-50%) in addition to 

phospholipids (182). Ethanol interacts with the polar head group of lipids in the stratum 

corneum, resulting in a reduction in the melting point of the lipids, increasing the fluidity, 

and consequently the permeability. It is worthy of note that this increase in permeability can 

be achieved following the fusion of ethosomes with cell membranes. The additional benefit 

of ethosomes is their prolonged physical stability in comparison to conventional liposomes 

(183). Data has been published showing the ability of ethosomes to deliver testosterone 

transdermally (184) and bacitracin, a polypeptide antibiotic, into the deep dermis (185). This 

may have implications for skin conditions where non-invasive clinical intervention is 

required to treat infection. However, ethosomes are so effective at promoting skin permeation 

that this delivery system is more suited to transdermal applications than dermal delivery as 

required by anti-ageing cosmetics (186-188).  

A second-generation elastic vesicular delivery system, niosomes, was later developed using 

non-ionic surfactants, which function as both penetration enhancers and to increase protein 

and peptide solubility. These non-ionic surfactant based vesicles are formed by the self-
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assembly of the surfactant into bilayers with or without addition of cholesterol and other 

lipids. Apart from increasing entrapment efficiency, niosomes are cheaper to produce than 

liposomes with higher solubilisation capacity, making these elastic vesicles a favourable 

dermal delivery system for peptides (189). The mechanism of delivery may be attributed to a 

combination of the ability of the surfactant molecules to disrupt skin lipids and the flexibility 

they impart to the vesicles. Bouwstra et al. (25) suggested that niosomal vesicles can be used 

not only to transport the encapsulated molecules across human epidermis but also to form 

drug reservoirs in the upper layers of the skin (111). Manosroi et al. (128) demonstrated the 

transport of a human tyrosinase plasmid through abdominal rat skin by incorporated it in the 

cores of cationic niosomes. Results indicated that the flux increased 6 times compared with a 

solution. The cationic charge adsorbs onto the negatively charged membrane and promotes 

internalization (148). In a further development Manosroi et al. (189) reported an additional 

benefit with the entrapment efficiency can be improved through charge modification of 

niosomes. The entrapment of insulin in niosomes can be increased from 10.26% in neutral 

niosomes to 87.15% in charged niosomes through peptide-bilayer interactions. However, 

consideration must be given to the toxicity implication of introducing charge to the niosomes. 

In summary, the use of elastic vesicles manages to overcome the barriers in delivery of 

peptides and proteins to or through the skin. With increasing study and the advent of 

technology we will likely see rapid advancement in the topical use of elastic vesicles.  

Niosomes as effective dermal delivery carriers are fully discussed in Section 1.8 of this 

Thesis. 

1.7.3.3 Electrospun fibre mats    

Synthetic polymers are often conjugated to peptides and proteins forming new materials to 

enhance stability and promote absorption into the skin (190). A number of synthetic polymers 

are well established, biocompatible (191) and once conjugated to peptides and proteins can 

be  electrospun into biodegradable fibre mats, composed of fibres less than 2 µm thick, that 

control the rate of drug delivery (4). Polymer selection is crucial. Rapid degradation/erosion 

of some synthetic polymers, such as polylactic acid or poly(lactic-co-glycolic acid), results in 

a decrease in the local pH that causes inflammation. The drop in pH occurs due to hydrolysis 

of the polymer chains increasing the number of carboxylic end-groups and total hydronium 

ion concentration. Hence tyrosine-derived polycarbonates, which can also be electrospun, are 

used to deliver peptides and proteins to overcome this problem, whilst maintaining the 

desirable function of controlled drug delivery (4).   
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A study by Macri et al. (4) used electrospun tyrosine-derived polycarbonate terpolymers to 

encapsulate P12, a highly cationic, hydrophilic, 14 amino acid peptide, with a molecular 

weight 1780 Da to treat burns in a porcine wound model. It was evident that the fibre mats 

that were applied topically have the potential to be drug delivery matrices. In addition, in vivo 

toxicity assessment of these fibres in a porcine excisional wound model showed that they 

lacked inflammatory response and may be suitable for burn and cutaneous wound healing 

applications in humans (4). A further study by Yang et al. (192) saw the application of  basic 

fibroblast growth factor (bFGF) embedded in electrospun fibres, polylactide-polyethylene 

glycol, applied to wounds in diabetic rats. Burst release (14.0 ± 2.2%) from the bFGF-loaded 

scaffolds was seen followed by gradual release until complete degradation of fibres after 4 

weeks.  Enhanced proliferation of fibroblasts, cell adhesion and secretion of extracellular 

matrix are all positive in vitro attributes for the eventual use of this technology in vivo for 

therapeutic purpose. Other animal studies with supportive evidence for this method include 

plasmid bFGF (193), soy protein (194) and synthetic human elastin (195). 

Most studies using electrospun fibres as a delivery platform have been performed in wounded 

skin. Drug release into intact skin, as seen in a paper by Azarbayjani et al., is possible using 

electrospun fibres (196). In this study levothyroxine (T4) was incorporated into PVA and 

poly-N-isopropylacrylamide producing a sustained topical delivery of T4 across excised 

human skin. The flux was slower than the aqueous control (0.59 ± 00.2 versus 0.84 ± 0.07 µg 

cm
-2

 h
-1

) as the polymers retarded release of T4 into the skin, producing the sustained release 

profile. Drug release was speculated to be a combination of diffusion and polymer erosion. 

Currently no topical peptide/protein publications exist for intact skin, but from the available 

evidence of animal models and drug release studies, there is certainly scope. 

This is still a new mechanism of erodible, degradable delivery of therapeutic 

proteins/peptides to the dermal layer. While current data only describes topical application of 

peptides and proteins to wounded skin, with advancement this may become a viable way of 

delivering through intact skin.  

1.7.3.4 Solid lipid particle-based drug delivery systems 

Solid lipid particle-based drug delivery systems include solid lipid nanoparticles (SLN) and 

nano-structured lipid carriers (NLC). First generation SLNs were developed in the early 

1990’s as an alternative to liposomes and emulsions (197). SLNs are produced from solid 

lipids and particles range in size from 50 to 1000 nm (169). However there is a potential 
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problem since SLNs form a ‘perfect crystal’ limiting drug loading. After preparation by hot 

homogenizing techniques, the particles have a higher energy of crystallization, which reduces 

to low energy upon storage resulting in drug expulsion. To overcome this problem, second 

generation NLCs were developed by mixing solid-lipids and liquid-lipids. NLCs overcome 

drug expulsion on storage of SLNs by having a permanently less ordered matrix through the 

blending of liquid and solid lipids. In addition NLCs tend to have lower water content and a 

higher loading capacity (198). Surfactants, which are commonly used to stabilize SLNs and 

NLCs, can act as penetration enhancers, disrupting skin integrity and promoting penetration 

through the stratum corneum (199).  

Topical application of SLN containing recombinant human epidermal growth factor has been 

examined for wound healing potential in rats (134). Whilst the entrapment in NLCs was 

greater than that of SLNs (95.7 ± 4.7% vs 73.9 ± 2.2%) there was no significant difference in 

biological response. In both applied formulations the wound area healed was significantly 

improved (96.6 ± 3.2 vs 82.3 ±18.4% in the control) over 15 days. For a detailed review on 

SLN use for peptide delivery readers are directed to an excellent paper by Almeida and Souto 

(200). 

Although these studies are performed in both in vitro and animal models they show 

promising results for their application in clinical and cosmetic therapeutics. Furthermore, 

these lipid particles are well tolerated, suited for damaged skin and possess good scale-up 

feasibility (201) making this an attractive strategy for the cosmetic industry to formulate anti-

ageing products that contain peptide/proteins. Therefore SLNs and NLCs are promising 

carrier systems for the dermal delivery of protein/peptides.  

1.7.4 Combination delivery approaches 

To enhance dermal delivery a synergistic combination of approaches may be used. The 

strengths of one approach can be used to overcome the drawbacks of another.  

It has been reported that stability, both chemical and microbial, of the peptides are 

significantly improved by coating liposomes with a polymer, such as polyethylene glycol 

(PEG, known as PEGylated liposomes) (202). The surface coating of polymer improved the 

physical stability by creating a stable static layer around the liposomes to prevent 

aggregation. In addition to enhancing the liposomal and formulation stability, polymer coated 

carrier systems have the potential to improve the delivery of proteins and peptides to the skin 
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by increasing dermal permeation (202). The results indicated that a carrageenan coating of 

liposomes increased the permeation rate of finasteride and progesterone (steroid hormones) 

over conventional liposomes (3.4 vs 2.9 µg cm
-2

 h
-1

 and 0.74 vs 0.52 µg cm
-2

 h
-1

 

respectively). This has been attributed to the bioadhesive nature of the carrageenan which 

maintains the period of contact between the liposome and skin (203).  

A similar percutaneous penetration enhancement effect was seen with the addition of 

polymers to microemulsion systems with incorporated progesterone (156). The addition of 

silicon dioxide and a polymeric emulsifier (Pemulen TR 1) produced an increase in chemical 

stability of the peptide and caused an increase in skin permeability in relation to the pure 

microemulsion. The increase in skin permeation is thought to be due to the opening effect on 

tight junctions in the skin (204). These examples demonstrate the advantages that can arise 

for including polymers in formulations containing peptides and proteins.  

Biphasic systems, such as liposomes in a submicrometer emulsion phase, form a 

multicompartmental delivery system that contain aqueous compartments, micellar domains, 

phospholipid bilayers and oil droplets. The structure formed and permeation-enhancing 

excipients used can be carefully selected to facilitate encapsulation and transport of larger 

molecules into the skin. Interferon alpha (IFN-α) has been used as a model protein to better 

understand the transport of a biphasic vesicle through human stratum corneum (205). Full 

thickness human skin was used in flow-through diffusion cells to image the distribution of 

IFN-α using confocal microscopy. The results showed the biphasic vesicles crossing the 

epidermis and moving into the deeper tissue layers. 

Biphasic vesicles interact with lipids in the skin, re-ordering them as opposed to disordering 

them (205). This allows peptides and proteins to be delivered into the skin and sometimes 

through the skin as evidenced by King et al. in a study with rats and insulin (135). The 

decrease in blood glucose of 43.7 ± 3.8% (n = 25) was observed, within four hours, compared 

with initial blood glucose levels. Levels were not statistically different from the insulin levels 

obtained 2 hours after subcutaneous administration of recombinant human insulin solution. 

Bioavailability from the biphasic system was 21.5 ± 6.9%. Similarly, transdermal delivery of 

interferon alpha was investigated in a clinical trial on 12 patients (136). Patches placed on the 

upper inner arm were used to treat genital warts. Twice daily application resulted in a 

decrease in lesion size, synthetase activity and tissue viral load. This meant that clinically 



L i t e r a t u r e  R e v i e w | 33 

 

significant levels of Interferon alpha could be delivered across human skin with therapeutic 

effects in human patients.  

Whilst examples of peptide and protein delivery using biphasic systems have shown it to be 

successful, this technique lends itself to transdermal more so than dermal delivery. It might 

be, as is the case with vesicles, that future formulations could be altered to suit dermal 

delivery. This would provide an excellent alternative delivery system for other large peptides 

and proteins.  

1.8 Influence of skin sources and models on permeation 

A significant factor in all these studies is the source and nature of the skin used. Today there 

are several types of reconstructed skin models that can be either categorized as full-thickness 

(FT) or epidermis only models (40). The former has both an epidermis and a dermal layer. 

Reconstructed epidermal models are made by seeding normal human keratinocytes to the 

surface of a membrane (usually cellulose acetate or polycarbonate (206)). When submerged, 

keratinocytes for a multi-layered matrix. After proliferation, this is exposed to air (air-liquid 

interface) and this induces differentiation which results in a multi-layered epidermis (40). 

Full-thickness models can either be created from de-epidermized dermis (DED) derived from 

human skin or fibroblast cells are embedded into a collagen gel. Keratinocytes are seeded 

onto the DED or collagen matrix and differentiated after exposure to the air-liquid interface. 

Episkin®, SkinEthic® and Epiderm® are all commercially available human epidermis 

models that demonstrate reasonable similarities to the native human tissue in terms of lipid 

composition, biochemical markers and morphology (207). As a result, these skin models are 

useful in drug transport studies. Although the results from a conclusive review by Netzlaff et 

al. indicate that the models are more permeable that human skin on average, the cultures are 

more consistent in permeability and responsiveness to human skin, which is highly variable 

(207).  The biggest limitation comes in the form of a weaker barrier function. Several reasons 

have been proposed including insufficient keratinization (208), impaired desquamation (209) 

and the lack of full-thickness models (210). This was further exposed in a further paper by 

Netzlaff et al. wherein permeation rates of caffeine and testosterone were quicker for 

Episkin® as opposed to heat-separated dermis (211). Whilst this skin model is not a 

replacement for human skin, it is a good alternative commercially available model (207). 
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The largest drawback comes from the lack of a dermis, which solves some problems but 

creates others. Roberts and Walters pointed out in their book, Dermal absorption and toxicity 

assessment, that transport experiments with lipophilic substances through epidermis models 

suggest higher transport due to the lack of dermis which is an efficient barrier for lipophilic 

substances (212). With the addition of a dermis, problems are only partially solved in vitro. 

The dermis in vivo is perfused by vasculature. This removes permeants from the epidermal-

dermis junction which is not replicated in vitro. Further problems involve the aqueous 

environment of the dermis which slows the penetration of lipophilic compounds. In vivo this 

barrier is circumvented by capillary beds. The authors concluded that the epidermal or 

stratum corneum membranes are more appropriate for examining lipophilic permeants.  

There are advantages to using the reconstructed ski models as opposed to excised animal 

skin. Firstly, this avoids excessive under or over estimation of permeation when using animal 

skin as a human model (590). There is likely to be some difference however to in vivo test 

results. In part due to the hydration effect from extended exposure (in excess of 24h) to an 

aqueous environment. Secondly, the compositions and arrangements of skin lipids differ in 

the stratum corneum (590). Thirdly, reconstructed skin models offer reproducibility between 

the permeation and absorption of compounds (lauric acid, caffeine and mannitol was seen 

with Episkin®) (213). The results also concluded that the results obtained were the same as 

that expected from ex vivo human skin. Finally, reconstructed skin was validated as an 

appropriate alternative to human and pig skin for absorption testing and thus can be used for 

permeation studies, in particular, the studies on GHKCu (214). Unfortunately, different study 

designs, substances and vehicle compositions make comparisons difficult. Certain 

reconstructed skin models, Episkin® as an example, doesn’t contain fibroblasts or the 

collagen network required for biological analysis of GHKCu in vitro. For this particular 

reason, a full-thickness waste skin was deemed more appropriate for the skin studies with 

GHKCu. 

Despite general positive conclusions, the limitations outlined in literature point to the 

reconstructed models and animal skin being more permeable than human skin (215). This can 

be attributable, in part, to the lipid composition differences leading to lower barrier properties 

(216). Different available skin models differ in their composition and as such, will influence 

the permeation behaviour of compounds slightly differently (214, 217). This increased 

permeability does not mean that reconstructed skin models are not helpful in studying 

permeability. Most studies report that the rank order of compound permeation reflects that of 
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human skin. Thus, these models are somewhat useful in predicting relative permeability (40). 

Furthermore, these models may be good alternatives to human and animals skin as; they are 

ready to use allowing quick testing; data reproducibility; short lag time allowing uptake 

experiments within 6 – 8 hours; testing infinite and finite doses; useful in skin metabolism 

evaluation and useful in studying vesicle permeation behaviour (40). Reconstructed models 

cannot replace human skin at present but do offer a valuable insight into the prediction of 

permeation and absorption of drugs into the skin. Fortunately, excised waste skin from 

surgery was available during the term of this PhD and the use of reconstructed skin or animal 

skin was not necessary. 

1.9 Niosomes 

While numerous delivery systems might suit a peptide for the purposes of dermal delivery, 

niosomes were selected for the duration of the PhD project. This selection was based on the 

ability to upscale, relatively low price, use of currently available hardware and proven 

effectiveness. 

1.9.1 Composition and formation of niosomes  

The self-assembly of non-ionic amphiphiles results in the hydrophobic parts of these 

molecules being shielded from the hydrophilic internal and external environments, forming a 

closed bilayer structure of niosomes (Figure 1.8).  

 

 

Figure 1.8. A representation of a niosome structure, adapted from Uchegbu (218). 

 

Non-ionic surfactant 
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The ultimate properties of niosomes are determined by a number of factors. Most important is 

the choice of amphiphile including a number of non-ionic surfactants (173). The hydrophilic 

moiety of the amphiphile may consist of one (219), two (220) or three (221) alkyl groups, 

perfluoroalkyl groups or single steroidal groups. The alkyl chain length is usually between 

C12–C18 (177) whilst perfluoroalkyl surfactants that form vesicles may be as short as C10 

(222).  Steroidal amphiphiles between C14 or C16 alkyl hydrophobic units have been shown to 

form vesicles (218, 223). A number of other factors also play important roles in niosome 

formation, which are summarized in Figure 1.9. 

 

Figure 1.9. Influencing factors in niosome physical chemistry, adapted from (218). 

 

The hydrophilic lipophilic balance (HLB) is a good gauge of the vesicle forming ability of 

surfactants. In regards to the sorbitan surfactants an ideal HLB value of between 4 and 8 is 

found to be compatible to vesicle formation (173). This is in direct contrast to niosomes 

formed with polysorbate 20 with an HLB of 16.7. However, with the addition of an optimum 

level of cholesterol niosomes can be formed (224). Clearly the prediction of vesicle 

formation from HLB alone doesn’t hold true. It is accepted that the parameters for self-

assembly of niosomes are defined by the critical packing parameter (CPP) given in Equation 

1.2.  

Equation 1.2 

𝐶𝑃𝑃 =
𝑣

𝑙𝑐𝑎0
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Where: (𝑣) is the hydrophobic group volume, (𝑙𝑐) the critical hydrophobic group length and 

(𝑎0) the area of the hydrophobic head group.  

 

A CPP of between 0.5 and 1 indicates that the surfactant is likely to form vesicles. Below this 

value, which indicates a large contribution from the hydrophilic head group, spherical 

micelles are formed. CPP values above 1 indicate large hydrophobic group volume 

contribution and predicts the formation of inverted micelles.  

The concentration of surfactant/lipid used to make niosomes during hydration is generally 

between 10 – 30 mM (1 – 2.5% w/w) (218). Altering the surfactant:water ratio during the 

hydration step may affect the microstructure of the niosome and hence properties. This 

hydration should usually take place above the gel-to-liquid phase transition temperature of 

the system. Increases in the surfactant:water ratio also increase the total amount of drug 

encapsulated, although a highly viscous system may result if the ratio is too high. 

Often additives are added into the formulation to prepare stable niosomes. Cholesterol is the 

most common additive found in niosomal systems, which is used to adjust the CPP of the 

system. Cholesterol is also known to prevent gel to liquid transition resulting in niosomes that 

are less leaky (225). The bilayer membrane may exist in a gel state or the liquid crystal state 

as a lamellar phase. The difference being the degree of order with the gel being the most 

ordered. This order is subject to temperature changes, analogous to melting, where an 

increase in temperature changes the gel state to a liquid crystal one (218). To illustrate this, 

Yoshioka et al. prepared Span 60 niosomes without cholesterol resulting in gel formation 

(226). It was only on the addition of cholesterol that a homogenous niosome dispersion was 

formed. Cholesterol is thus included in most formulations, although at a maximum of 1:1 

molar ratio to Span 60. This is due to the existence of only one binding site on cholesterol. 

This doesn’t guarantee stability as the intrinsic phase transition behaviour of vesicle forming 

surfactants still influences the properties of the dispersion. Most notably is membrane 

permeability, encapsulation efficiency, bilayer rigidity, ease of rehydration and toxicity. 

Sometimes the stability can be improved through the addition of charged molecules into the 

bilayer, of which, dicetyl phosphate (DP) or didecyldimethylammonium bromide (DDAB) 

are examples. Charged lipids prevent aggregation of niosomes (218). 
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1.9.2 Preparation techniques 

The formation of vesicular assemblies requires some form of input energy, hydration of the 

surfactant/lipid mixture at elevated temperatures followed by optional size reduction to 

produce a colloidal dispersion. This can be followed by separation of free drug from the 

entrapped drug and vesicles by centrifugation, gel filtration or dialysis. The more commonly 

used methods for niosome preparation are listed below and are summarized in review articles 

by Uchegbu et al. and Azeem et al. (218, 227). 

1) The injection method relies on the injection of an organic surfactant/lipid solution into 

an aqueous solution containing the drug to be encapsulated. The aqueous solution is 

heated to above the boiling point of the organic solvent. This process was described in 

a paper by Baillie et al. (228). Varying the rate of injection and stirring speed can 

obtain different noisome sizes and homogeneity. This method produces vesicles of 

uniform size and exhibits high encapsulation efficiency, however the drawback is that 

there is often solvent still present in the vesicle suspension that is difficult to remove 

in entirety. Moreover, damage to labile materials, such as proteins, often takes place 

as a result of exposure to the solvents and heat (227). This method uses flammable 

solvents that might pose certain safety risks. 

2) During the film hydration method an organic solution of surfactants/lipids is 

evaporated to form a film. This film is then hydrated with a drug solution through 

agitation. Described by Bangham et al. in 1965 (229). This film hydration method 

normally requires a round bottom flask as the solvent (chloroform/methanol/diethyl 

ether) is removed under reduced pressure in a rotary evaporator. This method forms 

multi-laminar vesicles (MLV) and exhibits low entrapment of water-soluble solutes 

(such as peptides) (227). A further disadvantage of this method is due to the 

incomplete hydration, which accounts for a substantial wastage of material in the 

flask. 

3) The reverse phase evaporation method was first described by Szoka (230). Briefly, a 

mixture of surfactants and cholesterol is mixed with organic solvents and placed into 

a round bottom flask. The solvents are then removed under reduced pressure forming 

a film. This film is redissoloved in the organic phase. The aqueous phase is then 

added and the resulting two phase system is sonicated until a single phase dispersion 

is formed. The single phase dispersion is placed back into a round bottom flask and 

evaporated under reduced pressure. This can form a gel, which might be further 
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hydrated to yield niosomes. This method is useful in entrapping drugs in large multi-

laminar vehicles.  

4) Bubbling nitrogen gas through a homogenized mixture of surfactant/lipid (219). 

Talsma et al. reported that introducing inert gas bubbles into a coarse dispersion of 

phospholipids (hydrogenated soybean phosphatidylcholine and/or dicetyl phosphate – 

nonaqueous) or mixtures of non-ionic surfactant/cholesterol produced stable niosome 

dispersions with the vesicle size ranging from 0.2 – 0.5 μm.  

5)  The transmembrane pH gradient method involves dissolving the 

surfactant/cholesterol mixture in organic solvent and then evaporating the solvent 

under reduced pressure. The resulting film is hydrated with citric acid in a similar 

manner to the Film hydration method (227). The MLVs formed are frozen then 

thawed thrice and sonicated. The aqueous phase is added and vortexed. The pH is 

modified to between 7 – 7.2 through the addition of disodium hydrogen phosphate. 

This mixture is heated to 60°C for 10 minutes to obtain niosomes. Heating increases 

vesicle permeability because the temperature is taken to above the phase transition 

temperature of the membrane (218). 

6) Dried reconstituted vesicles method initially produces empty sonicated vesicles which 

are freeze dried and rehydrated with the aqueous phase containing the material to be 

entrapped (227). This forms a dispersion of solid lipids. The organization of the 

membrane structure takes place on the further addition of water, which rehydrates, 

fuses and reseals vesicles. This method allows for the high entrapment of water-

soluble components as well as allowing for the mild conditions of preparation. 

Lyophilization improves the stability of niosomes and also makes these formulations 

easy to redisperse (231).  

1.9.3 Size reduction techniques 

When niosomes are first prepared they usually exist in the micro-size range (218). As a 

result, a size reduction step if often incorporated into the production of niosomes, subsequent 

to the initial hydration step. Dermal delivery requires smaller sized niosomes (Section 1.8.5). 

Some common approaches are outlined below. 

1) Probe sonication. This was reported by Baillie et al. to yield non-ionic surfactant 

niosomes that existed between 100 and 140 nm (228) and more recently used in a 

paper by Hua et al. (232).  
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2) Extrusion through a membrane. Niosomes can exist in a narrow size range when 

extruded through a polycarbonate membrane. This technique is often used today to 

produce similarly sized niosomes (233). 

3) A combination of these first two steps can be used to produce niosomes of the desired 

size (234). 

4) Microfluidization. To produce niosomes that are sub-50 nm a microfluidizer may be 

used (227). This method is based on submerged jet principle in which two fluidized 

streams interact at high velocities. The result is greater uniformity, reproducibility and 

smaller size of niosomes. 

5) High pressure homogenization. The final technique that can be used is high pressure 

homogenization (218). This method will yield vesicles of below 100 nm in diameter, 

however drug loading is ultimately sacrificed to achieve this small size. 

1.9.4 Drug loading optimization 

1.9.4.1 Effect of bilayer constituents 

One of the first variables that can be manipulated is the chemical nature of the noisome 

membrane constituents. Altering the nature of the hydrophilic and hydrophobic moieties can 

either increase or decrease loading of similarly natured drugs. With the changes in surfactants 

and thus head groups, a niosome may bear a positive, negative or neutral charge on the 

surface and will influence permeability and stability as a direct result of the density and 

nature of this charge (227). Dicetyl phosphate, diacyl glycerol and stearylamine have been 

used to incorporate a negative or positive charge to niosomes. Incorporation of charged lipids 

provides hydrophilicity, which in turn leads to a higher surface energy resulting in an 

increase in the size of the vesicles (235).  

1.9.4.2 Entrapment of water-soluble drugs 

Modification of existing methods can improve entrapment of water soluble dugs. An 

improvement was proposed by Hao et al. to prepare niosomes which have a high 

encapsulation efficiency for water soluble drugs (such as peptides) (236). This method 

involved a combination approach of evaporation-sonication (a modification of the film 

hydration method. To attain the highest encapsulation efficiency, several factors including the 

level of cholesterol, lipid and content of drug were investigated and optimized. The results 

indicated that Span 60 was the most ideally suited surfactant (among four: Span 20, 40, 60 
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and 80) and that niosomes prepared in this manner have high encapsulation capacity (up to 

99% in the case of colchicine).  

Another method that may be used was first described by Kirby et al. whom used a 

dehydration-rehydration method (237). This technique increased encapsulation efficiency of 

the drug PK1 from 3.3 to 64%. However, niosome size was also doubled as a side effect (151 

to 380 nm). An important discovery was that the ease of rehydration of the freeze-dried 

dispersions was directly proportional to the phase transition temperature of the non-ionic 

surfactant in this study. This may have implications for industry. 

Furthermore, using a pH gradient across the niosome membrane has been used to increase 

loading for ionisable compounds. Here the drug/peptide exists in the aqueous phase and once 

it enters the niosome (with the suitable pH conditions) it becomes charged and is ’locked’ in 

the niosomes (238). Citric acid, Tris buffered saline and ammonium sulphate have been used 

for this purpose (218). Whilst these remote loading methods have been used for amine drugs, 

they have not been successfully been used for acidic drugs. 

This research indicates that it may be a combination of approaches that are required to gain 

the highest entrapment efficiency of the cosmetic peptides. 

1.9.5 Optimal size for skin delivery 

Niosomes smaller than 500 nm, previously shown to cross into the dermis (239), can 

internalise by both clathrin-mediated and caveolae-mediated endocytosis (240-242). The 

smaller the noisome, as small as 162 ± 17 nm,  the more cumulative permeated drug has been 

detected in Franz diffusion cell experiments. This effect however is also an effect of the 

surfactant used that determines permeation. The smaller the niosome, the greater the 

cutaneous drug retention (243, 244). 

1.9.6 Niosome components used in this study 

1.9.6.1 Span 60 

Span 60 meets all the criteria for vesicle formation and potential cutaneous retention. It has 

been used for decades and is widely studied and available (226). It encapsulates hydrophilic 

actives and thus has the potential for use with GHK-Cu (236). It is nontoxic  and has a low 

melting point for niosome hydration (245). Span 60 (sorbitan monostearate) is an ester of 

stearic acid and sorbitan (Figure 1.10) with a molecular weight of 430.62 g.mol
-1

. Its melting 
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point is between 54 and 57°C. The HLB value of this surfactant is 4.7 indicating its lipophilic 

nature.  

1.9.6.2 Cholesterol 

Cholesterol (Figure 1.10) has a molecular weight of 386.65 g.mol
-1

 and exists as a white 

crystalline powder that is soluble in chloroform, ethanol and other non-polar solvents. 

Cholesterol is used in niosome formulations to prevent gel to liquid transition resulting in 

niosomes that are less leaky (225).  

1.9.6.3 Didecyldimethylammonium bromide  

Didecyldimethylammonium bromide (DDAB) has an average molecular weight of 406.53 

g.mol
-1

. It is a positively charged lipid (Figure 1.10) used to impart a positive charge to 

niosomes, improving stability by preventing aggregation (218). It is slightly soluble in water, 

soluble in ethanol.  

All of the niosome bilayer components will affect the properties of the niosomes. These 

therefore require concentration optimization for size, entrapment and stability. Factorial 

designs are used for this purpose.  

 

 

 

 

Figure 1.10 Structures of Span 60 (A), cholesterol (B) and DDAB (C).  
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1.9.7 Development and optimization of formulation by experimental design 

Experimental design can be regarded as a procedure by which certain factors are designated 

and purposely varied in a controlled manner. This process obtains their effects on a response 

of interest, often followed by the analysis of the experimental results. According to the 

number of variables the experimental design can be classified as either a single factor (one 

factor at a time) or multiple factor design (factorial design) (246). There are many 

experimental designs (Figure 1.11) the choice of which is determined by the number of 

factors.   

 

 

Figure 1.11 Types of experimental designs. 

 

1.9.7.1 Single factor design 

This is the traditional design for studies, which investigates the effect of one factor at a time 

on a particular outcome whilst keeping the others constant. This method suits experiments 

where there is only one variable that needs to be considered. It does not take into account 

interactions between different factors, which does not guarantee that the optimal conditions 

are always identified. This method also involves a relatively large number of experiments, 

which makes it time consuming, especially when there are numerous factors to consider. 
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1.9.7.2 Multiple factor design 

On the other hand, factorial design takes into account the effects of more than one factor at 

two or more levels. The experimental design commonly includes differing combinations of 

numerous factor levels, which allows for interactions between factors to be identified and 

makes this experimental design more efficient at analysing a large number of factors. This 

type of design can be further classified as full factorial design and fractional factorial design 

(247). 

In full factorial design, every combination of each factor is examined. Therefore for a three 

factor factorial design, the number of runs is a × b × c, where the first factor is tested at a 

levels, second at b levels and so on. The number of runs for a full factorial design can also be 

written as a
n
 where there are n number of factors and a number of levels (247). It can be 

quickly calculated that the number of runs for a full factorial design increases geometrically 

as the number of factors increase. In essence this type of design is best suited for an 

experiment where there are only a few factors and a small number of levels as a large number 

of experiments are required for large studies and wouldn’t be efficient use of resources. 

When there are a large number of variables and levels to consider there is the option of a 

fractional factorial design. This provides an alternative when the number of runs required is 

too large to be practicable. There exist a number of different fractional factorial designs each 

with a unique advantage. These include Taguchi design, central composite design, Plackett-

Burman design and Box-Behnken design. 

There are a number of software packages available to aid in conducting and analysing the 

results of a design method. These include Design-Expert or Minitab (246). Design-Expert can 

then fit the results to a surface area plot and identify the region of best fit. 

1.10 Summary of the literature review  

Peptides and proteins by topical application play a significant role in cosmetic anti-ageing, in 

addition to their therapeutic applications such as wound healing, reducing excessive scarring, 

fibrosis, inflammation and to treat burns. With the advent of new technologies and new 

peptide drugs being developed, we are beginning to see promising signs of dermal 

regeneration, collagen and elastin synthesis, increased glycosaminoglycan, proteoglycan and 

fibronectin production as well as improved wound healing. However there is a significant 

biological barrier for delivery of these actives to their cellular targets. Effective formulation 
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and topical delivery strategies are required to overcome the stratum corneum barrier and to 

properly release the active from the vehicles at the target site in sufficient quantities to exert 

an effect. Effective delivery approaches are available to enhance the dermal delivery of 

peptides including the use of elastic vehicles, solid lipid based drug delivery systems, micro-

emulsions and electrospun fibres. Each method has advantages and drawbacks and its value 

depends on the vehicle, excipients and physicochemical characteristics of the peptide used. 

The development of ‘one size fits all’ peptide/protein-containing formulation is unlikely as 

each peptide becomes the subject of an individual case study. This research will focus on 

niosomes for the entrapment and delivery of GHK-Cu into the dermis for the improvement of 

biological effects. The selection of this method was based on the ability to upscale, relatively 

low price, use of currently available hardware and proven effectiveness.  

1.11 Aims of the Thesis  

The hypothesis behind this study was that the use of a lipid based nano-carrier, such as 

niosomes, would promote dermal delivery/permeation of highly hydrophilic GHK-Cu by 

topical application. The further hypothesis is that lipid based carriers would also increase 

intracellular delivery.  Furthermore, the addition of a cationic charge would increase this 

effect due to the interaction with negatively charged biological membranes.   

The general aim of this Thesis was therefore to improve the cutaneous and intracellular 

delivery and anti-ageing effect of GHK-Cu by use of cationic niosomes as carriers. More 

specifically the objectives were to:  

1) Evaluate the key physicochemical properties of GHK-Cu with respect to chemical 

stability, solubility, lipophilicity, distribution coefficient and ionization (Chapter 2) to 

facilitate the formulation design. 

2) Select and develop the niosomal delivery system for this hydrophilic peptide and 

optimize it for entrapment and size (Chapter 3).  Non-ionic noisome formulation was  

developed as a reference formulation for the following studies.  

3) Investigate trans-epidermal delivery and cellular absorption of GHK-Cu in the 

delivery systems and evaluate the effect of charge on these two outcomes (Chapter 4). 

4) Identify the effects of GHK-Cu on collagen/elastin synthesis by fibroblasts and 

evaluate the effects of intracellular delivery on the MMP/TIMP expression in cells 

and in ex vivo viable human skin (Chapter 5). 
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5) Determine the anti-ageing activity effects of niosomal GHK-Cu in human volunteers 

by measuring wrinkle depth and volume changes as a result of topical application 

using a lipophilic derivative of GHK and the vehicle as comparisons (Chapter 5).  
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2 Preformulation and analytical method development 

2.1 Introduction  

This chapter contains information on the preformulation for the anti-ageing peptide, GHK-

Cu. The physicochemical properties; in particular the solubility, partition coefficient over the 

physiological pH range (logD) and chemical stability are investigated to aid in the 

development of a suitable formulation approach for the effective topical delivery of GHK-Cu. 

To achieve this, a stability-indicating high-performance liquid chromatographic (HPLC) 

method was developed and validated according to International Conference on 

Harmonization (ICH) guidelines (248). These guidelines require the forced degradation of the 

parent compound under a variety of conditions and the separation of the degradation products 

from the parent allowing the analysis of individual products. In addition, major degradation 

products were identified using liquid chromatography-mass spectrometry (LC/MS).  The pH 

dependency of n-octanol-PBS partition coefficient (logD) of GHK-Cu was investigated to 

enable an understanding of the peptide’s skin permeability and the tailoring of appropriate 

formulations to topically deliver the peptide to the dermis. Three pH values investigated 

which fall within the normal pH range found on the face of 4 - 5.9 (249) and in the dermis 

(pH of 7.4) (250). A short stability trial with commonly used niosome components, including 

some charged lipids, was carried out over 4 weeks. 

2.2 Chapter aim 

This chapter aimed to evaluate the key physicochemical properties of GHK-Cu for the 

eventual development of formulations for dermal delivery of this peptide. The specific 

objectives were to: 

1) Develop and validate a novel stability-indicating HPLC method for the assay of 

GHK-Cu.  

2) Determine the stability and kinetics in aqueous solutions.  

3) Identify forced degradation products of GHK-Cu using LC/MS. 

4) Determine its aqueous solubility and copper carrying capacity in skin physiological 

pH conditions. 

5) Measure the distribution coefficients (logD) over the skin physiological pH range 

which is required for understanding the partitioning into the skin. 
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6) Determine stability of GHK-Cu with potential carrier system components to facilitate 

further formulation design.  

2.3 Materials and methods 

2.3.1 Materials 

GHK-Cu (98%, the remainder being constituent amino acids) was obtained as a powder from 

Salkat (Auckland, New Zealand). HPLC-grade acetonitrile (ACN), methanol and 

trifluroacetic acid (TFA) were purchased from Ajax Finechem (Auckland, New Zealand). 

Hydrogen peroxide (30%), sodium hydroxide pellets, sodium dihydrogen phosphate, 

disodium hydrogen phosphate and hydrochloric acid (37%) were purchased from Scharlau 

(Barcelona, Spain). Span 60 (sorbitan monostearate) and cholesterol were purchased from 

Croda (Auckland, New Zealand). The charged lipids, dicetyl phosphate (DP) and 

didecyldimethylammonium bromide (DDAB) were purchased from Sigma-Aldrich 

(Auckland, New Zealand). L-Histidine monohydrochloride monohydrate (MW 209.6) was 

procured from Sigma-Aldrich (Auckland, New Zealand). Milli-Q water used in the 

preparation of buffers was obtained by reverse osmosis (Millipore, USA) of demineralized 

water. ACD/ChemSketch (Version 76694, ACDLabs) was used to predict LogD values. 

2.3.2 HPLC assay development and validation 

A HPLC system (Agilent 1200, Agilent Corporation, Germany) comprising a quaternary 

pump, an autosampler and a photo diode-array (PDA) detector was used for the stability 

indicating method. A Hewlett Packard 1100 HPLC system coupled with an Agilent 

Technologies Quadrupole LC/MS 6150 (Agilent Corporation, Germany) was used for 

LC/MS studies. An Aeris peptide column (250 x 4.6 mm ID, 3.6 µm XB-C18) coupled with a 

C18 security guard column (4 x 3.0 mm, 5 µm) purchased from Phenomenex (Auckland, 

New Zealand) was used on both machines. The choice of UV detection wavelength was 

determined by a wavelength scan and data acquisition was by ChemStation software at 229 

nm (Agilent Corporation, Germany). The chromatographic separation was achieved using an 

isocratic method with a mobile phase of acetonitrile : Milli-Q water (1 : 99, v/v) (TFA 0.1% 

in both phases, pH 2) maintained at 25 °C. The flow rate of mobile phase was set at 1 mL 

min
-1

 and an injection volume of 10 μL was used throughout the study. 

Serial dilutions were performed from a stock solution (20 mg mL
-1

 GHK-Cu in 0.1% 

TFA:Milli-Q) to yield working solutions of 5, 10, 25, 50, 100 µg mL
-1

. These were prepared 
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in triplicate in line with the ICH guidelines (251) and used to evaluate the linearity of the 

assay.   

Repeatability was evaluated by assaying three replicates of three chosen concentrations from 

the calibration curve, whereas the reproducibility, also known as ruggedness, was similarly 

determined over a period of three days. Inter-day repeatability was based on data collected 

over a period of three days (252). Precision was determined from reproducibility and 

repeatability of sample injections.  

The accuracy of the HPLC method was calculated from three replicate injections of 15, 40 

and 80 µg mL
-1

. This represents low, medium and high concentrations on the derived 

calibration curve. These GHK-Cu quality control (QC) solutions were prepared from separate 

stock solutions in Milli-Q on three days. The limit of detection (LOD) was defined to be three 

times the baseline noise level whilst the limit of quantification (LOQ) was defined as ten 

times the baseline noise using a blank as comparison (253).  

2.3.3 Forced degradation studies and kinetics 

To develop stability-indicating assay the guidelines require the forced degradation of the 

parent compound under a variety of conditions and the separation of the degradation products 

from the parent allowing the analysis of individual products.  

GHK-Cu was exposed to various stress conditions to produce degradation products to test the 

stability-indicating nature of the assay. Aliquots of 10 mg mL
-1 

GHK-Cu in water, in 0.5 M 

HCl and in 0.5 M NaOH were stored at 60 °C whilst aliquots in 0.5% hydrogen peroxide 

were stored at 22 °C to generate degradation of 5 – 20% (254, 255). Oxidative stress testing 

took place at 22 °C due to the likelihood of introducing hydroxyl radicals (256). At set time 

points samples were taken and neutralized with a quenching solution (1 M pH 7.4 buffer, 

which was found to be stable for at least 7 days in the preliminary study), filtered and diluted 

before injection in triplicate. Peak purity analysis was performed on all generated GHK-Cu 

HPLC peaks using the diode-array technology to determine that a pure single peak eluted. 

The threshold was set at 99.99% (257). 

Aliquots of the degradation samples were taken at suitable time intervals depending on the 

degradation observed and immediately analysed using the validated HPLC assay. The 

observed first order degradation rate constant (Kobs) was calculated from the slope of a log C 

versus time (t) plot as per Equation 2.1 (258).  
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Equation 2.1  

𝑙𝑜𝑔 (
𝐶

𝐶0
) =  

−𝑘𝑜𝑏𝑠𝑡

2.303
  

Where: (C) is the concentration of GHK-Cu remaining at time (t) and (Co) is the initial 

concentration of GHK-Cu when t is equal to zero. 

 

2.3.3.1 Acidic degradation 

The acid degradation sample was prepared by mixing the stock peptide solution (20 mg mL
-1 

in water) with 1 M HCl in a 1:1 volume ratio and maintaining the sample at 60°C. This 

produced a solution containing 1000 µg mL
-1

 of peptide in 0.5 M HCl. At predetermined time 

intervals aliquots of 100 µL was taken from this and mixed with 900 µL of the quenching 

solution (1 M pH 7.4 buffer) to stop the degradation before analysis. A further sample was 

taken from this solution and mixed with the method specific mobile phase. This sample was 

then analysed by the appropriate HPLC method. This sample had a theoretical concentration 

of 100 µg mL
-1

. The acid degradation samples were kept away from light for 24 hours and 

then a sample was taken and analysed.   

2.3.3.2 Basic degradation 

Samples were prepared by adding 1 M NaOH to the stock peptide solution in a 1:1 ratio 

forming a 0.5 M NaOH solution with a theoretical peptide concentration of 1000 µg mL
-1

. At 

predetermined time intervals aliquots of a 100 µL were taken and mixed with 900 µL of the 

quenching solution. A further sample was taken at 24 hours from this solution and mixed 

with the method specific mobile phase and analysed by HPLC. The basic sample was kept 

away from light for 24 hours. A final sample was taken following the 24 hours wait period, 

diluted and analysed by HPLC.  

2.3.3.3 Oxidation 

The hydrogen peroxide was first diluted from a 30% solution to a 1% solution with filtered 

Milli-Q water. This 1% solution was mixed with the stock peptide solution (20 mg mL
-1

) in a 

1:1 ratio and the final concentrations of GHK-Cu and hydrogen peroxide were 10 mg mL
-1
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and 0.5% respectively (22 °C). Aliquots (100 µL) were taken at predetermined intervals and 

mixed with 900 µL of the quenching solution. A further sample was taken from this solution 

and mixed with the method specific mobile phase. This resulting solution was analysed 

through HPLC. The oxidation sample was then kept away from light for 24 hours. A final 

sample was taken at this time and diluted in the same manner at the t = 0 sample. This sample 

was analysed with the same HPLC method and the results compared. 

2.3.3.4 Thermal degradation 

A thermal degradation sample was prepared by mixing the stock peptide solution with 

filtered Milli-Q water in a 1:1 ratio. A 100 µL sample was mixed with 900 µL of the 

quenching solution. A further sample was taken from this solution and mixed with the 

method specific mobile phase and analysed with HPLC. The thermal sample was kept in an 

oven in a closed container at 60 C for 4 weeks. A final 100 µL aliquot was taken out, diluted 

and analysed through HPLC. A comparison was made between the starting amount and the 

final amount.  

2.3.4 Degradation product identification using liquid chromatography-mass 

spectrometry (LC-MS)  

Mass spectrum analysis was conducted to identify the degradation products generated in the 

forced degradation samples. Samples were diluted and run through the HPLC system using 

the same mobile phase as described earlier with the MS running in a positive ionization mode 

(capillary voltage of 4500 V). Data was acquired for 10 min over a 50 to 1000 mz
-1

 range. 

Confirmation of the final product was performed by HPLC using 1 mg mL
-1

 solution of pure 

histidine monohydrate. 

2.3.5 Copper carrying capacity versus pH 

Spectrophotometry was used to determine the pH at which the dissociation of copper from 

GHK-Cu takes place. GHK-Cu is a complex in solution and the complexation with copper 

changes with pH (259). Part of the biological effect is linked with the peptide (Section 1.6) 

and was therefore examined. One mL of GHK-Cu solution (10 mg mL
-1

)
 
was diluted with 1 

mL Milli-Q water to give a concentration of 5 mg mL
-1

. The pH of this solution was 

measured before being placed into a T90 UV/VIS Spectrophotometer (PG Instruments LTD) 

connected with UVWin Spectrophotometer Software v 5.2. A blank of Milli-Q with 

additional TFA was used as a reference and an absorbance scan was performed over the 

range of 500 nm to 700 nm. A wavelength of 605 nm was chosen based on the observed 
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spectrum of copper as GHK-Cu complex. Serial dilutions were then performed with the 

addition of 10 µL 0.01 M TFA to the GHK-Cu solution (5 mg mL
-1

) and the concentrations 

adjusted accordingly. The copper carrying capacity was calculated from the difference 

between the standard solution concentration absorbance and the pH adjusted concentration 

absorbance. This capacity was plotted against pH to provide a capacity change over pH 

range. 

2.3.6 Aqueous solubility   

To determine the saturation solubility, powdered GHK-Cu was added into 200 μL of Milli-Q 

water until residual solid peptide remained in the bottom of the vessel. The tube was sealed 

and mechanically shaken in a Labnet Revolver Rotator (Labnet International, USA) at 20 

rpm for 3 days at 25 ºC to reach equilibrium. Upon completion, the samples were left for 4 

hours at 25 ºC before being centrifuged at 15000 rpm for 10 minutes to remove the 

undissolved peptide. Samples were then taken from the supernatant and analysed in triplicate 

by HPLC. 

2.3.7 n-octanol/ buffer distribution (logD) and distribution coefficients 

The distribution coefficients of GHK-Cu between n-octanol (oil phase) and three different 

phosphate buffered saline solutions (0.1 M, pH 7.4, 5 and 4.5) were determined using shake 

flask method (260). Both n-octanol and aqueous buffer were mutually saturated for at least 12 

h before use. A weighed amount of GHK-Cu was dissolved in pre-saturated buffer producing 

a 200 mg mL
-1

 solution that was further diluted to give 150 mg mL
-1

 final solutions. Aliquots 

of the GHK-Cu solutions were mixed with n-octanol in a 1:9 volume ratio in screw-capped 

glass vials. These were vortex mixed for 2 min, placed into a rotating mixer and left for 72 

hours to equalize. After equilibration, the samples were left for 3 hours to allow for complete 

phase separation. A sample was removed from the aqueous portion, centrifuged to remove 

any remaining n-octanol and mixed with mobile phase in a 1:10 dilution before injection into 

the HPLC. The distribution coefficient (D) was calculated using Equation 2 (261).  

 

Equation 2.2  

𝐷 =  
𝐶𝑂

𝐶𝑤
=  

(𝐶𝐼𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝐸)

𝐶𝐸
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Where: (Co) is the concentration of GHK-Cu in n-octanol in relation to the total concentration 

of GHK-Cu in buffer (Cw). Cinitial is the initial concentration of GHK-Cu in the buffer and 

(CE) the concentration at equilibrium. 

2.3.8 Stability with common niosomal components 

To assess the compatibility with niosomes, an aliquot (10 mL) of GHK-Cu solution was 

formulated into niosomes and placed into a stability chamber (Binder, BF 240, Germany) at 

40°C 75% RH for 4 weeks before analysis with the stability-indication HPLC assay.  

Niosomes were formulated from cholesterol and Span 60 with and without one of the surface 

charge modifying surfactants dimethydioctadecyllammonium bromide or dicetyl phosphate 

(DP) (molar ratios 6:10:0.5 respectively). Drug loaded niosomes were prepared using a 

modified thin-film hydration method (262). Briefly, niosome lipid components, with a total 

amount of 100 mg were dissolved in methanol (1 mL) and warmed to 60°C. GHK-Cu water 

solution (75 mg mL
-1

, 100 µL) was then added to the methanol solution and vigorously 

stirred for 5 minutes. This mixture was then placed into a round bottom flask in a rotary 

evaporator (Büchi, Germany) under reduced pressure to evaporate the methanol allowing 

formation of a thin film. The thin film was then rehydrated with 10 mL of Milli-Q water at 

55°C forming a niosomal suspension.  

The above niosomes suspension was stored at 4, 22 and 60 °C for 4 weeks to determine the 

stability. To allow maximum exposure to niosomes the untrapped GHK-Cu was left in the 

suspension. Samples were then taken, centrifuged for 1 hour (Sorvall Wx Ultra 80, Fisher 

Scientific) at 176 000 G. The supernatant was diluted appropriately with the mobile phase 

and analysed using HPLC to determine any degradation peaks.  
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2.4 Results and Discussion 

Preformulation studies have been conducted to elucidate the main physicochemical properties 

of GHK-Cu necessary for the development of a topical dermal delivery system. A stability-

indicating HPLC method was developed in accordance with ICH guidelines, stress tests 

identified the major factors affecting the chemical stability of GHK-Cu measured as the 

tripeptide, solubility and the n-octanol/PBS partition coefficients as well as the copper 

carrying capacity in the skin pHs for GHK-Cu was determined.  

2.4.1 HPLC assay development and validation  

A pH of 2 was chosen for the mobile phase as GHK-Cu would be fully protonated 

maintaining a constant ionization state. The UV detection wavelength at 229 nm of GHK in 

this mobile phase was chosen from a wavelength scan of GHK-Cu (Figure 2.1). This 

wavelength ensured the same absorbance for all the species (due to multiple-charging of 

GHK) over the entire sample. The elution would differ from run to run if the HPLC method 

was to be run under different pH conditions as the peptide is ionisable. Changes in pH would 

cause the charge of the molecule to differ dramatically and so the affinity of the protein to the 

column and mobile phase would alter causing elution changes. Using pH 2 prevented this. 

The multiple coloured lines represent the absorbance in relation to automatic references. All 

references intersect at 229 nm and therefore a more accurate reading can be taken.  

 

 

 

Figure 2.1 Wavelength scan (210 – 300 nm) of a GHK-Cu injection under chromatographic 

conditions with 0.1% TFA in Milli-Q as mobile phase. 
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To evaluate whether this low pH would degrade the molecule a stability test needed to be 

developed to run in conjunction with the HPLC method. A dilute organic acid was chosen to 

ensure protonation of the analyte.  Organic acids were explored as pH modifiers for a number 

of reasons. (1) Overly strong acids such as HCl or H2SO4 form counter-ions that pair with 

positive analyte ions, leading to a suppression of the chromatographic signal, and thus were 

not used. (2) As the concentration increases, the selectivity is affected. With increasing 

concentration the polar species will elute faster. This may cause co-elution and can be 

resolved by changing the buffer concentration. (3) If the concentration is too low the pH will 

not be held at the desired level. This can cause results to differ from one day to the next. (4) 

If the concentration is too high then the column can dissolve. For this reason 0.1 M is taken 

as the maximum. The normal range is from 0.05 M to 0.1 M (263). A concentration of 0.1% 

falls below the 0.1 M maximum recommended, as the MW of TFA is only 114.03 g/mol. 

Table 2.1 was used as a guide for the choice of mobile phase pH adjuster. 

 

Table 2.1 Properties of commonly used acids for HPLC (Adapted from Laserchrom, a 

specialist HPLC company) (263). 

Buffer pKa 
Working Range 

(pH) 
UV Cut-off 

Trifluroacetic acid <2 1.5 – 2.5 210 nm  

Phosphate 2.1 1.1 – 3.1 <200 nm  

Formate 3.8 2.8 – 4.8 210 nm  

Acetate 4.8 3.8 – 5.8 210 nm  

 

 

The UV cut-off was an important factor when initial acid choice was being determined. The 

method used a wavelength of 229 nm and thus other acids such as citrate could not be used. 

Prior to choosing TFA a number of other buffering acids were tried. Acetate, formate and 

phosphate either caused co-elution or baseline drift. Neither of these three was chosen as a 

result of this initial experimental determination.  TFA was examined for suitability last. TFA 
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has previously been used in a number of successful studies using reverse-phase HPLC 

systems to quantify proteins (264, 265). TFA has also been used successfully as an ion-

pairing agent in the elution of small ionisable molecules by reverse phase HPLC (266). 

2.4.1.1 Linearity and recovery 

The GHK peak eluted at 8.02 ± 0.10 min. The standard curve for GHK (Figure 2.2) was 

obtained by plotting the peak area against protein concentration of the chromatograms from 

figure. Through linear regression analysis the slope, y-intercept and linearity of the curve was 

determined (Table 2.2). Analysis of the standard curve in this study demonstrated that peak 

area of pure protein was a linear function of concentration over the ranges (5 µg ml
-1

 – 100 

µg ml
-1

) for the GHK peptide. From these results it can be seen that the working sample 

concentration and accuracy testing lie in the linear range. Peak purity analysis was performed 

on all generated GHK peaks to determine the purity. A single component was present in all 

peaks were deemed to be pure (peak purity index for GHK peaks > 99.99 %) (267).  

 

Figure 2.2 Standard curve of GHK produced from replicate injections using the HPLC 

method (Data are means ± SD, n=3).  

 

The ICH guidelines define recovery as the amount or weight of the compound of interest 

analysed as a percentage to the theoretical amount present in the sample. Recovery was 

assessed through 5 injections as per Table 2.2. In this study the amount of GHK recovered 

y = 1.2907x - 0.0474 
R² = 0.999 

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

A
re

a 
u
n
d
er

 c
u
rv

e 

Concentration (µg mL-1) 



P r e f o r m u l a t i o n | 57 

 

ranged from 98.09 ± 2.43% to 99.69 ± 1.19 % of the theoretical for both interday and 

intraday injections. Although ideally full recovery should be obtained for the compound(s) of 

interest, this is rarely the case. Adhesion to containers, stirring rods, plastic tubing etc. can be 

blamed for the loss occurred. As an elementary guideline, the simpler the sample preparation 

procedure, the lower the variation of recovery. Considering the percentage of recovery this 

study can be said to be accurate (268, 269). 

 

Table 2.2 Nominal and measured concentrations, percentage recovery and linear regression 

parameters for the developed GHK-Cu assay method. 

Set Number 
Nominal Concentration (μg mL

-1
) 

R
2
 Slope Intercept 

5 10 25 50 100 

1 4.7 10.0 24.7 50.3 98.0 0.999 1.29 0.28 

2 5.0 9.5 24.2 49.1 99.9 0.999 1.35 -0.71 

3 5.2 9.9 25.0 49.7 100.9 0.998 1.27 0.12 

4 4.7 9.6 24.2 49.2 98.9 0.999 1.26 0.09 

5 4.9 9.7 25.1 49.6 100.5 0.999 1.27 -0.32 

RSD (%) 4.37 2.43 1.49 0.99 1.19       

Recovery (%) 99.30 98.09 98.89 99.29 99.69       

 

 

2.4.1.2 Repeatability and accuracy 

The intraday variability for the three concentrations tested was less than three percent with 

the accuracy of values lying between 98.6% and 100.7%. The relative standard deviation for 

data gathered within one day is known as intraday precision (270). Accuracy is calculated 

from three replicate injections on the same day, in this case containing 15, 40 and 80 µg ml
-1

 

of GHK-Cu peptide (Table 2.3). Similarly to interday repeatability, the concentrations 

represent high, medium and low points on the calibration curve. The accuracy was 

determined by calculated concentration vs. theoretical concentration. 
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Table 2.3 Intraday and Interday repeatability and accuracy (%RSD) for GHK-Cu. Data are 

means ± SD, n 3. 

Theoretical 

concentration 

(µg mL
-1

) 

Intraday (n=3)  Interday (n=3) 

Determined 

Concentration 

(µg mL
-1

) 

Accuracy 

(%) 

RSD 

(%) 
 

Determined 

Concentration 

(µg mL
-1

) 

Accuracy 

(%) 

RSD 

(%) 

15 14.80 ± 0.5 98.6 ± 2.9 2.60  15.06 ± 0.4 98.5 ± 1.7 0.85 

40 39.55 ± 0.7 98.9 ± 1.3 1.66  39.42 ± 0.8 98.5 ± 1.6 1.37 

80 80.62 ± 1.8 100.7 ± 1.8 1.16  79.69 ± 1.2 99.6 ± 1.3 1.30 

 

 

All interday results show a relative standard deviation (RSD) of less than 2.7% (n = 3) and 

accuracy between 97.3% and 98.7 %, all calculated using standard methods available in 

published material (271).  Interday repeatability is based on data collected over a period of 

days (252). Interday accuracy of the GHK-Cu HPLC method was calculated from three 

replicate injections containing 15, 40 and 80 µg mL
-1

 of GHK-Cu peptide repeated over three 

days. This represents high, medium and low concentrations on the derived calibration curve.  

Interday variability and accuracy are shown in Table 2.3. The accuracy is calculated using 

calculated vs. theoretical concentration. These results conclude that the calculated results are 

very similar to the theoretical results and are accurate to within 3% for concentrations above 

5 µg mL
-1

. 

2.4.1.3 Limit of detection and quantification 

The LOD and LOQ were determined to be 0.55 and 1.8 μg mL
-1

, respectively. LOD is, 

according to the ICH, the lowest concentration of analyte in a sample that can be detected 

under stated experimental conditions. LOQ is the lowest limit of concentration of analyte that 

can quantitatively be determined in a sample with acceptable precision and accuracy under 

stated conditions (272). The signal to noise ratio in this study was 3:1 for the LOD (273).  

2.4.2 Forced degradation studies 

Forced degradation studies were performed to ensure the method could separate out the 

peptide of interest from potential degradation products. The stock GHK-Cu solution was 
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evaluated under acidic, basic, oxidative and excessive heating conditions for 24 hours. Initial 

readings were taken at t=0 to provide a reference point for the different conditions. The peaks 

were evaluated and identified using a DAD-UV detector at a wavelength of 229 nm. The 

results of the forced degradation studies are summarized in Table 2.4. 

 

Table 2.4 Forced degradation of GHK-Cu solution. If not stated, temperature is 60 °C. Data 

are means ± SD, n =3. 

Condition Time Concentration (µg mL
-1

) Remaining (%) 

Acid t = 0 101.4 ± 0.3  

0.5 M HCL t = 1 week 81.4 ± 0.4 80.29 

   

 

Base t = 0 100.9 ± 1.1  

0.5 M NaOH t = 24 hours 86.7 ± 2.4 85.95 

   

 

Heat t = 0 102.5 ± 1.5  

 

t = 4 weeks 104.1 ± 0.7 101.51 

   

 

Oxidation t = 0 106.3 ± 1.3  

0.5% (22 °C) t = 1 hour 88.9 ± 2.8 84.16 

   

 

 

Figure 2.3 demonstrates that different degradation products were formed when exposed to 

various stressors indicating different degradation pathways. GHK-Cu exposed to 0.5 M 

hydrochloric acid (HCl) at 60 °C for 1 week showed 80.3% remaining. Three separate peaks 

were seen on the chromatogram (Figure 2.3, A). In contrast, GHK-Cu exposed to 0.5 M 

sodium hydroxide (NaOH) at 60°C required only 24 hours to degrade to 85.9% (Figure 2.3, 

B). The fastest degradation was seen in 0.5% hydrogen peroxide (H2O2), with 84.2% 

remaining after 1 hour at 22°C (Figure 2.3, C). Surprisingly, under elevated temperature 

conditions (60 °C), the tripeptide GHK-Cu water solution, and those solutions at pH 5.5 and 

7.4, equivalent  to those in and on the skin  (249, 250),  showed no detectable degradation 

over 28 days (Figure 2.3, D).  
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Figure 2.3 Chromatograms of the degradation products formed from the breakdown of GHK 

under various conditions. (A) 0.5 M hydrochloric acid (B) 0.5 M sodium hydroxide (C) 0.5% 

hydrogen peroxide (D) Milli-Q water. Samples kept in 60 °C with the exception hydroxide 

(22 °C). Further degradation would lead to no further clearly identifiable degradation peaks 

forming.    
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These results indicate that the GHK peptide is markedly affected by both high and low pH of 

the solution and exposure to oxidative stress. These findings are commonly reported in 

peptides/proteins as there are numerous accounts of susceptibility to oxidation, temperature 

(274, 275) and acidic/basic environments (276). The results highlight that it is vital to 

maintain the pH for the conservation of peptide/protein stability in vitro and in vivo when 

developing dermal delivery systems (277).   

 

2.4.3 Degradation product identification using LC/MS 

MS assay of the major HPLC peak of GHK, under normal chromatographic conditions, found 

the peptide-copper complex had dissociated as the molecular weight matched GHK alone  

rather than the complex, GHK-Cu (Figure 2.4).  

 

 

Figure 2.4 LC/MS in positive ion mode of the parent compound (GHK). 

 

Exposure to hydrogen peroxide, sodium hydroxide and hydrochloric acid caused the 

breakdown of GHK (Figure 2.5). Acid hydrolysis led to three major degradation products 

forming. Positive ion electrospray ionization mass spectra of Product 1, 2 and 3 yielded a   

mz
-1

 of 284, 213 and 156, respectively. The structures of Products 1, 2 and 3 are proposed in 

Figure 2.5. The mass of Product 3, the final degradation product that could be detected, is 

consistent with histidine (MW = 155). 
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Figure 2.5 Positive ion electrospray ionization mass spectra for degradation Products 1, 2 and 

3 found in acidic solutions of GHK-Cu. 

Degradation products for both basic and oxidative stress conditions could not be found or 

identified. This could, in part, be due to the half-life of alkaline degradation products being 

shorter than their acidic counterparts. This was demonstrated in a paper by Wu et al. whereby 

the degradation rate, following a similar degradation pathway, increased with an increase in 
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pH (261).  The hypothesized degradation pathways of GHK, as a result of the hydrolysis of 

peptide bonds NH-C=O, in acidic solution are illustrated in Figure 2.6.   

 

Figure 2.6 Proposed acidic degradation pathway of GHK-Cu in acidic solution. 

 

GHK-Cu contains a carboxylic acid group. The pKa of carboxylic acids can vary widely 

depending on the overall structure and are typically in the range of 3 to 5. When the carboxyl 

carbon is attached to methyl groups, such as in acetic acid, the pKa can be as high as 4.76 

(less acidic). When attached to a hydrogen, in the case of formic acid, the pKa can be as low 

as 3.75. This is attributable to the electron donation by induction through sp3-hybridized 

bonds. Since ionization produces a negative charge in the conjugate base, functional groups 

donating electrons towards the site of ionization have a destabilizing effect. This electron 
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donor impedes ionization and thus reduces basicity. In any eventuality, at the low pH of 0.3 

at the stressed level of 0.5 M HCl, the carboxylic acid would remain unionized. The opposite 

is true at physiological pH, where the acid would be deprotonated. 

The carbon atom on the carbonyl group of glycine near the bond with histidine will have a 

significant positive character. The bond resonance dipole between the oxygen and carbon 

pulls the electrons away from the carbon. The amino group is also more electronegative and 

it too pulls electrons away contributing to the positive nature of the carbonyl carbon. This 

would leave the amide bond on the glycine vulnerable to nucleophilic cleavage. This is 

outlined in Figure 2.7.   

 

 

Figure 2.7 Mechanism of nucleophilic cleavage in GHK-Cu. 

 

Based on the above theory, a similar degradation process takes place between lysine and 

histidine creating a number of successive products (Figure 2.6). Degradation begins with the 

predicted products, Product 1 and Product 2, corresponding to mz
-1

 284 and 213. The loss of 

glycine in Product 1 impacts on the formation of copper complexes. Copper complexes are 

primarily driven by the glycine and histidine residues (278). Cleavage between lysine and 

histidine, Product 2, leaves the copper binding site intact. The coordination path is typical of 

oligopeptides containing histidine as a second residue (278). Further acidic hydrolysis leads 
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to the formation of the major peak, Product 3, which coincidently is histidine. This was 

confirmed by the similar retention times of a standard histidine solution (10 µg mL
-1

).  The 

lysine residue is important for biological activity therefore the only degradation product that 

may be biologically active is Product 1. 

2.4.3.1 Chemical kinetic studies 

Figure 2.8 shows the degradation plots of GHK under various conditions over a 24-hour 

period due to the relatively quick degradation observed. The plot of the logarithm of % GHK 

remaining over time had correlation coefficients (R
2
) of between 0.977 and 0.993. This 

indicates first-order degradation kinetics.  Degradation occurred with a relationship of Kobs 

being oxidation > basic > acidic. The Kobs values provided an estimated half-life (t 1/2) for 

each condition (Table 2.5).   

 

Figure 2.8 The first order degradation profiles of GHK-Cu in various medium stored at 60 

°C, with the exception of hydroxide at 22°C, over a 24 hour period. Data were obtained by 

quantifying GHK (n=3). 
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Table 2.5. First order kinetic parameters of GHK in aqueous solutions under various 

conditions. 

Medium Kobs (day
-1

) t 1/2 (day) Temperature (°C) 

0.5% H2O2 0.182 0.16 22 ± 2 

0.5 M NaOH 0.006 4.81 60 ± 2 

0.5 M HCl 0.001 28.8 60 ± 2 

 

 

Similar results may not be seen in vivo as the extreme conditions experienced during these 

forced degradation experiments are not replicated. There was no observed degradation seen 

in the samples kept in Milli-Q water, or the buffers at physiological pH of skin (pH 5.5 and 

7.4) at 60°C for two weeks. This infers better stability under normal physiological conditions. 

However Conato et al. demonstrated that the half-life of GHK, when tested in vitro by 

incubating the peptide with human serum, is 16 min due to enzymatic degradation (278).  

2.4.4 Copper carrying capacity 

The initial wavelength scan of the GHK-Cu solution highlighted a peak at 605 nm (Figure 

2.9). This peak corresponds to the absorbance of copper (259) corresponding to the blue 

colour. The peak below 400 nm is the peptide peak and was previously used during HPLC 

analysis. The complex (GHK-Cu) is dynamic and is affected by changes in pH.  Reducing the 

pH caused the reversible dissociation of copper from the peptide (259) as a result of the 

protonation of either the imidazolium or glycyl ammonium groups (279).  
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Figure 2.9 UV spectrum of a 5 mg mL
-1

 GHK-Cu solution in Milli-Q water (pH=7.4). 

 

The absorbance values at 605 nm for the diluted pure GHK-Cu and the pH adjusted GHK-Cu 

were recorded and measured three times and the average taken for further analysis. The 

GHK-Cu solution upon titrated addition of TFA showed significantly different absorbance 

values compared with the unadjusted solution.  

In accordance to the Beer-Lamberts law, the absorbance of the unadjusted GHK-Cu solution 

has a near linear relationship (R
2
 > 0.99) with the concentration. This is unsurprising as the 

law is based on absorbance of a pure substance. If that substance concentration is halved, so 

should the absorbance. An S-shaped plot of the absorbance of the pH adjusted GHK-Cu 

solutions versus pH was not linear was observed (Figure 2.10). The absorbance quickly drops 

off for the same concentration at a lower pH. Assuming that the absorbance at 605 nm was a 

measure of pure GHK-Cu in the complex form and that the free copper and peptide had no 

absorbance, the copper carrying capacity was calculated as the absorbance of each solution at 

different pH (concentration adjusted) relative to that of the standard solution concentration. 

The pH-absorbance profile highlights the copper carrying capacity of GHK peptide changes 

over a pH range (Figure 2.10).  

It should be pointed out that even in water GHK-Cu exists as a mixture of the free peptide, 

the copper ion and some of their complexes of various stoichiometry’s although the ratio of 

the complex was found highest, therefore this term, copper carrying capacity, is loosely 

defined.     
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Figure 2.10 Copper carrying capacity decreases with decreasing pH. Data is means values ± 

SD, n = 3. 

 

The dissociation of copper from GHK-Cu proceeds rapidly from pH 4.26 downwards with 

only 2 ± 0.23% being detected at pH 2.77. This confirms the MS results (Section 2.4.2) 

whereby at the analytical pH of 2 only the GHK peptide could be found. 
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2.4.5  Aqueous solubility 

The aqueous solubility of GHK-Cu solubility at 25 ºC was 325.09 ± 4.38 mg mL
-1 

(n= 3). 

This can be classified as ‘freely soluble’ according to Formulation in Pharmacy Practice 

(280).   

2.4.6 n-Octanol/buffer distribution (logD) coefficients 

Lipophilicity is an important factor to predict permeation into the skin (281) and in 

formulation selection (200). Lipophilicity is indicated by the partition coefficient and more 

importantly and accurately by the distribution coefficient, which takes into account the 

ionized and un-ionized species in varying pH conditions. The logD values are reported in 

Table 2.6.  

 

Table 2.6 n-octanol-buffer distribution coefficient of GHK-Cu at variable pH conditions at 

25°C. Data is mean values ±SD, n=3. 

pH 
Aqueous concentration 

(μg mL
-1

) 

Percentage 

remaining in buffer 
log D  

7.4 131.38 ± 0.25 99.68 ± 0.19 -2.49 ± 0.35 

5.5 131.25 ± 0.15 99.59 ± 0.12 -2.38 ± 0.13 

4.5 131.37 ± 0.27 99.68 ± 0.21 -2.49 ± 0.33 

  

Interestingly, these results are similar to predicted values provided by ACD/ChemSketch (-

2.24 ± 0.6). These results indicate that GHK-Cu is highly hydrophilic, specifically in all pH 

ranges found within/on skin on the face. The terminal amino group is less basic than the 

amino group on the Lysine residue. This is in part due to the proximity of the former’s 

proximity to the carbonyl group of the first peptide bond. This group is electron-withdrawing 

and according to the Lewis theory, will cause the terminal amino group to be less likely to be 

an electron pair donor. The side chain of the histidine residue however, can act as a 

nucleophile. The interim imidazolium ion exists in either of the two ionic and tautomeric 

states (Figure 2.11). Either of the two nitrogens in the imidazole can release a proton to 

produce conjugate base forms of imidazole. Since the pKa of imidazole itself is 14.58 (282), 

it is conceivable that protonation, even at physiological pH, will take place in the imidazole 
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ring and at a terminal amino group (lysine first and then on the glycine). These three sites 

will be the first be protonated when subjected to an acid environment. 

 

 

Figure 2.11 Ionic and tautomeric forms of the histidine residue, adapted from Rhodes (283). 

 

The negative logD values can thus be explained by the presence of the imidazole as planar 5-

membered ring, which is highly polar as a result of the proton being located on either of the 

two nitrogen atoms (dipole of 3.61D). Furthermore, the functional groups of the amino 

residues are normally charged due to the corresponding logK values, which have been 

previously reported (Table 2.7) (278). LogK is the protonation constant calculated from the 

chemical shifts during titration measured using nuclear magnetic resonance (284). These 

values show clearly that at the pH range tested there will be a functional group on the protein 

that will be, at least, moderately polar. The results for the physiological pH conditions are 

confirmed by a published study whereby it was found that GHK protonated at the lysine 

amino group (278). 
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Table 2.7 Reported logK values for functional groups (278) of GHK-Cu, adapted from 

Conato et al: the thermodynamic parameters for GHK-Cu protonations at 25ºC. 

Group logK 

NH2 (alpha) 7.82 

COO- (alpha) 2.73 

N (Imidazole) 6.45 

NH2 (terminal) 10.53 

 

 

Based on these results it is concluded that GHK-Cu is very hydrophilic at the physiological 

pH conditions in the skin with logD of -2.5, much smaller than the optimal log P values, 1 - 3 

(107), for skin absorption.  Therefore it is expected that an appropriate formulation would be 

required for GHK-Cu to cross into the dermis effectively. This preformulation work 

incentivizes the consideration of lipid-based systems for the dermal delivery of GHK-Cu. 

2.4.7 Stability in the presence of common niosomal components 

This work was originally performed to assess the suitability of lipid based systems to enhance 

the delivery of GHK and complex into the skin. The physicochemical parameters discussed 

highlight the need for such a system. Niosomes were selected as a desirable lipid based 

system to promote penetration into the skin (285, 286). The method examined the stability of 

GHK-Cu, which was exposed to all potential excipients during formulation and storage, 

reflecting the chemical compatibility of the lipids with the peptide entrapped in the vesicles 

before comprehensive optimization began.  
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Table 2.8 Pilot stability results of GHK-Cu with potential niosome components over a 4 week 

period under three different temperatures. S60 = Span 60, CHL = Cholesterol, DDAB = 

didecyldimethylammonium bromide, DP = dicetyl phosphate.  

Formulation 

(molar ratio) 

 

Temperature 

(°C) 

Initial 

Concentration 

(µg mL
-1

) 

Final 

Concentration  

(µg mL
-1

) 

Remaining 

(%) 

 

4 63.0 62.5 99.3 

S60:CHL 22 67.9 67.2 99.0 

(1:0.6) 60 63.4 62.1 98.0 

     

 

4 52.3 45.8 87.7 

S60:CHL:DP 22 50.5 45.1 89.4 

(1:0.6:0.05) 60 51.4 44.8 87.2 

     

 

4 52.3 52.2 99.9 

S60:CHL:DDAB 22 51.4 51.0 99.2 

(1:0.6:0.05) 60 52.1 51.7 99.3 

 

 

Samples kept at 4, 22 and 60°C with cholesterol, Span 60 or DDAB modified niosomes 

showed no observed degradation for the 4 week period (Table 2.8). Only samples formulated 

with dicetyl phosphate contained a degradation peak with retention time and UV spectrum 

similar to that of degradation Product 1 (Figure 2.13). The results suggested that the 

breakdown of GHK formulated in the niosomes with a composition of 0.6:1:0.05 molar ratio 

of cholesterol:Span 60:dicetyl phosphate in Milli-Q water had a half-life of 89.95 days. 
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Figure 2.12 Exposure of GHK-Cu to DP results in the degradation of the peptide over time. 

The first chromatogram (A) was the injected at T0 whilst the second (B) at 4 weeks. A 

degradation peak can be seen at 4 min. 

 

This degradation might be explained in a similar manner to the forced degradation seen. 

Chemically dicetyl phosphate has a phosphoric acid moiety, which in more basic solutions 

may donate a hydrogen atom and ionize with a negative charge. This then leads to 

nucleophilic cleavage of the peptide as seen with the stronger acid hydrolysis samples. 
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2.5 Conclusion 

This chapter has focused on the preformulation of GHK-Cu including the determination of 

physicochemical properties to inform the development of a suitable formulation approach for 

the effective topical delivery of GHK-Cu. A stability-indicating HPLC method was 

developed allowing for the simultaneous elution of GHK and degradation products. Due to 

the low pH, the copper dissociated from GHK-Cu allowing only the GHK peptide to be 

analysed by HPLC.  

The assay aided in the observation of thermal stability of the peptide at 60°C and degradation 

in the presence of the anionic surfactant dicetyl phosphate, basic, acidic and oxidative 

stressors. The GHK-Cu water solution was stable with no degradation at 60°C for 4 weeks, 

however, the half-lives in these accelerated conditions ranged from a month to a few hours. 

The LC/MS assay verified the sequential hydrolysis pathways of the peptide leading to the 

identification of three new products. The final product was verified with injections of pure 

histidine. The peak matched the retention time and spectra.  

Decreasing the pH caused the reversible dissociation of copper from GHK-Cu. This effect 

proceeded rapidly from pH 4.26 downwards and was primarily caused by the protonation of 

the imidazole and glycyl residues. GHK-Cu is freely water soluble and highly hydrophilic 

throughout the pH range of normal skin conditions. Due to the hydrophilic nature, the logD 

coefficients ranged from  -2.38  ± 0.1 to -2.49 ± 0.3 over the pH range of 7.4 – 4.5. 

GHK was not stable in the presence of dicetyl phosphate over the 4 week examination period.  

There is a phosphoric acid moiety on the dicetyl phosphate molecule was thought to cause 

hydrolysis in a similar manner to the forced degradation seen in Section 2.4.3.  

This preformulation work incentivizes the consideration of lipid-based carrier systems, in 

particular niosomes, for the dermal delivery of GHK-Cu. The lipid-based carrier should not 

contain dicetyl phosphate as this caused the breakdown of GHK in a similar manner to 

exposure to highly acidic conditions. The following chapter focuses on the formulation 

development and optimization of nano-niosomes for skin delivery. 
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3 Development of cationic and non-ionic niosomes for 

dermal delivery of GHK-Cu  

3.1 Introduction  

The dermal delivery of peptides/proteins is attractive and yet continues to be a very 

challenging task with potential effects marginalized by the chemical nature of the 

peptide/protein and the physical and biological barriers of the skin (discussed in Section 1.4). 

By investigating the physicochemical properties, the previous chapter highlights the need for 

a carrier system for the delivery of GHK-Cu into the dermis, the target site in the skin. 

Furthermore, intracellular delivery is also required, as the molecular targets of this bioactive 

exist inside cells. Lipophilicity (36), partition coefficient (44), molecular weight (40) and 

solubility (287) are all important parameters affecting the driving forces behind skin 

absorption and cellular internalization. GHK-Cu is hydrophilic and charged over the pH 

range of skin (Chapter 2) which necessitates the use of novel strategies to facilitate both skin 

permeation and intracellular trafficking (288). 

As discussed in Section 1.7, there are three approaches commonly used to aid trans-epidermal 

movement of peptide/proteins including: 1) chemical and physical penetration enhancers 

(108), 2) chemical modification of the peptide/protein (109) and 3) formulation modification 

(110) involving encapsulation of a hydrophilic bioactive into a carrier system (111). Carrier 

systems that possess an aqueous core surrounded by a lipid or surfactant bilayer have been 

extensively studied in the literature (164, 165) and include liposomes (289), niosomes (290) 

and ethosomes (291). In the last decade, nanotechnology has surged and more efficient nano-

carriers have been produced (292, 293).  The decrease in size has been demonstrated to allow 

specific cellular intake mechanisms to be exploited (240, 241), and for increased skin 

penetration and accumulation (291).  

There is little discussion in available literature surrounding the effect of surface charge of 

niosomes in topical/dermal protein delivery. A central hypothesis of this Thesis is that a 

cationic carrier will enhance both intracellular and intradermal delivery of GHK-Cu. This is 

in part due to the adsorption onto negatively charged biological membranes (148-150), 

therefore promoting internalization of the niosomes into cells (148). The optimal size for 

niosomes would between 200 - 500 nm, previously shown to cross into the dermis of human 
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skin (294). This size range allows internalisation by both clathrin-mediated and caveolae-

mediated endocytosis (240-242). 

3.2 Chapter aim 

This chapter aimed to develop niosomes as a carrier system for GHK-Cu for the potential 

delivery into the skin. Niosome components were chosen using a 3
2
 factorial design to obtain 

the optimal physicochemical properties such as size and charge, the influence of different 

components is discussed. Niosomes were produced from Span 60 and cholesterol with and 

without inserting the cationic lipid didecyldimethylammonium bromide (DDAB) into the 

niosome shell for comparison.  Chloroform was used to dissolve the lipid components of the 

niosome prior to preparation. Using the vapour pressure curve of chloroform, appropriate 

temperature and pressures were determined to draw off the chloroform during production. 

The inclusion of a cationic charge to the carriers was not only for a potential increase in 

cellular uptake but also for physical stabilization of niosomes due to electrostatic repulsion. 

The specific objectives were to: 

1) Select a preparation method capable of producing niosomes of suitable size and 

entrapment for dermal delivery.  

2) Investigate the effects of preparation method, temperature, hydration time and lipid 

content, to optimise the formulation size and entrapment. 

3) Characterize the prepared formulations including size, surface charge and 

morphology by electrophoretic light scattering, laser diffraction and TEM. 

4) Study the release properties of GHK-Cu from the optimized formulation. 

5) Assess the long-term stability with regards to the size, charge and entrapment of 

GHK-Cu within the niosomes. 
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3.3 Materials and methods   

3.3.1 Materials 

GHK-Cu (as powder) was purchased from Salkat Ltd (Auckland, New Zealand). Both Span 

60 (sorbitan monostearate) and cholesterol were purchased from Croda (Auckland, New 

Zealand). The positive charged lipid DDAB was purchased from Sigma-Aldrich (Auckland, 

New Zealand). All other chemicals including isopropyl alcohol, chloroform and acetonitrile 

were of analytical grade. 

3.3.2 Selection of a noisome preparation method 

The initial factorial design (as per Table 3.1) was used to produce niosomes from each of the 

following three methods (using differing levels of cholesterol:Span 60). Niosomes from each 

method described below were evaluated for particle size. A suitable method and the most 

promising formulation were identified.  

3.3.2.1 Thin film hydration method 

The solvent, as described by Bangham et al. in 1965 (229), was evaporated in a round bottom 

flask to form a thin film which is then rehydrated. Briefly, the niosome lipid components 

were first dissolved into chloroform (5 mL) and placed into a 250 mL round bottom flask and 

into a rotary evaporator (Büchi, Switzerland) under reduced pressure (400 mPa) to evaporate 

the chloroform. The formed thin film was purged with a stream of nitrogen for 5 min to 

remove residual traces of solvent. The lipid film was then rehydrated with 3 mL Milli-Q 

water and a 100 µL of aqueous GHK-Cu stock solution (80 mg mL
-1

) under stirring at 200 

rpm and 55 °C forming a niosomal suspension. 

3.3.2.2 Dried reconstituted vesicles 

In this method, empty sonicated vesicles were freeze-dried and rehydrated with the aqueous 

phase containing the material to be entrapped (227). To start, a thin film was produced as per 

the thin film method and rehydrated with Milli-Q water forming empty vesicles. This 

suspension was frozen in a -80 °C freezer. The resulting solid material was placed into a 

freezer dryer (Labconco, Missouri, USA) overnight at -20 °C and 0.133 mbar. The freeze 

dried mass was hydrated with 3 mL of an aqueous GHK-Cu solution (80 mg mL
-1

), under 

constant agitation, forming vesicles.  
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3.3.2.3 Reverse phase evaporation method 

A reverse phase evaporation (RPE) method with some modification of the method described 

by Szoka (230) was adopted. A 100 mg lipid mixture was first dissolved in 3 mL of 

chloroform. A 1 mL aqueous GHK-Cu solution (80 mg mL
-1

) was added to this lipid solution 

such that the volume ratio of organic:aqueous was 3:1. The mixture was sonicated in a bath 

sonicator (Bandelin Snorex, Berlin, Germany) for 3 min at room temperature until a w/o 

emulsion was formed. The emulsion was placed into a 250 mL round bottom flask in the 

rotary evaporator (Büchi, Switzerland) and the solvent removed under reduced pressure (400 

mPa) at 55 °C, forming a gel. The resulting water-lipid dispersion was placed under nitrogen 

for 5 min to remove traces of organic solvent. The round bottom flask was placed back into 

the rotary evaporator at 55 °C and the gel was dried forming a reverse phase film. The reverse 

phase film was rehydrated in the rotary evaporator with 3 mL of Milli-Q water forming a 

vesicular suspension.  

3.3.3 Optimization of preparation variables 

The sizes of the niosomes prepared from the three methods (Table 3.1) indicated that RPE 

and TFH were similar, the entrapment however was potentially higher in RPE and therefore 

the RPE method was chosen as the most suitable for further optimisation. The formulation 

that produced the smallest niosomes, F7 (Table 3.1), was used for the optimization of the 

niosome preparation method. This formulation was used to determine the effect of 

temperature, hydration time and lipid content on niosome properties. Therefore the following 

factors were investigated.   

3.3.3.1 Determination of lipid phase transition temperature  

During niosome preparation, the lipid phase transition temperature influences the size and 

shape of resulting niosomes (295) and was therefore determined. To obtain the phase 

transition temperature differential scanning calorimetry (DSC) was carried out on 4 mg of the 

niosome lipid mixture (F7, Table 3.1) using a DSC Instrument (TA Instruments DSC Q2000, 

USA). The niosome lipid mixture, after dissolving in chloroform and drying under reduced 

pressure for 1 hour, was transferred into the aluminium cup and sealed with an aluminium 

cap. The measurements were made at 10 °C min
-1

 in the temperature range of 30–80 °C. 
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3.3.3.2 Effect of temperatures on preparation of niosomes 

Two key factors were identified from the production process that may influence the final size 

of niosome formation. These included drying temperature of the gel, forming the reverse 

phase film, and the rehydration temperature after the reverse phase film formation. A full 2
2
 

factorial study (Table 3.2) was then designed to determine the effects of these two factors at 

two levels. 1) the reverse phase thin film formation temperature which was controlled and 

maintained with a water bath connected to a rotary evaporator (Büchi, Switzerland) (22 and 

55 °C); 2) The rehydration temperatures, which were controlled in a similar manner with the 

water bath temperature adjusted to either 22 or 55 °C.  

3.3.3.3 Effect of hydration time on vesicle size 

The optimum rehydration time was determined by sampling the suspension during 

production. After the formation of a thin film (as described in Section 3.3.4) a 50 µL sample 

was removed from the round bottom flask every ten minutes. This sample was placed into an 

Eppendorf tube and diluted 20 times before being measured for particle size (using laser light 

scattering as described in Section 3.3.5.1). The sizes and polydispersity index (PDI) were 

plotted onto graphs versus time and the relationship examined. Statistical analysis was 

performed using a 2-tail t-test between the data from the time point (N) and the next time 

point data (N + 1). Experiments were performed in triplicate. The PDI is a measure of the 

size distribution of the particles with a value ranging from 0 to 1. The smaller the index the 

narrower the size distribution. 

3.3.3.4 Effect of total lipid content on GHK-Cu entrapment   

The effect of total lipid content on entrapment and resultant drug loading was determined. 

Niosomes were produced (as per Section 3.3.2.3) with increasing amounts of lipid (25, 50, 

100 and 200 mg) whilst keeping the addition of peptide solution and hydration volume 

constant. The resulting niosome suspension was measured for GHK-Cu entrapment 

efficiency (as per Section 3.3.5.3) and the relationship between lipid content examined. 

3.3.4 Cationic niosome formulation optimization  

In order to obtain niosomes with optimal size, entrapment and charge the levels of Span 60, 

cholesterol and DDAB needed to be determined.  
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3.3.4.1  Determination of DDAB concentration for cationic niosomes  

In order to optimize the cationic lipid content for optimal charge (ideally between +30 and 

+50 mV), Formulation F7 (Table 3.7) was used. The charge was modified through the 

incremental addition of DDAB. Varying the amount of included DDAB changed the charge 

on the surface of the niosomes. A 10 mL niosome suspension was produced, as per Section 

3.3.4, with 100 mg total lipid content. DDAB, in 0.5 mL of 50 mM PBS, was added to each 

sample of 1 mL niosome suspension and incubated as per Section 3.3.4. This new niosome 

suspension was then tested for zeta potential as per Section 3.3.4.2. The DDAB levels of 0 to 

0.1 M in 0.01 M increments were examined for the charge effect on niosomes and the 

optimum amount chosen. 

The sizes of the niosomes pre and post-insertion of 0.05 M DDAB were measured (as per 

Section 3.3.4.2). The effect of DDAB on the size was then examined and discussed. 

3.3.4.2 Determination of Span 60/cholesterol composition 

A 3
2
 factorial design was adopted to optimize the cholesterol and Span 60 content of 

niosomes (Table 3.7). Cationic niosomes were prepared by a modified reverse phase 

evaporation method (RPE) as per Section 3.3.2.3.  

3.3.5 Characterization of noisome nanoparticles  

3.3.5.1 Particle size and zeta potential  

Particle size and zeta potential determination of the niosomes was performed using a 

Zetasizer laser diffraction (Zetasizer, Malvern Instruments, UK) instrument at 25°C with 

Zetasizer software (version 7.02, Malvern). Each sample of shaken niosome suspension was 

diluted with Milli-Q (1:50), placed into a cleaned crystal vial and tested for particle size. The 

refractive index was set to 1.3 and the instrument was allowed to equilibrate for 30 seconds 

prior to data collection. Analysis was performed with three separate niosome suspensions. 

Zeta potentials were measured using a DTS1070 zeta potential plastic cuvette in the same 

instrument. The suspension was inserted into the cuvette using a 3 mL syringe whilst 

avoiding bubble formation. This was placed into the Zetasizer and measured using automatic 

voltage selection and automatic duration.  

3.3.5.2 Morphology and lammellarity 

Niosome morphology and lammellarity was investigated using a transmission electron 

microscope (TEM, Zeiss EM 900) operating at 120 kV. Each niosome colloidal suspension 
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was diluted (1:20) with a 0.1% phosphotungstic acid (PTA) solution. The mixture was placed 

on a carbon-coated copper grid for 1 min. The excess niosome suspension was drawn off 

using filter paper (Whatman Inc., Clifton, NJ, USA) before visualizing with TEM. This stain 

method was compared with a second, replacing the PTA with uranyl acetate.  

3.3.5.3 Entrapment efficiency and drug loading 

Free GHK-Cu was separated from the entrapped peptide using a centrifugation-purification 

method (296). Briefly, niosome suspensions were centrifuged (SorvallWx Ultra 80, Thermo 

Fisher Scientific, Victoria Australia) for 1 hour at 176 000 G and 4°C leaving a clear 

supernatant. The supernatant was withdrawn and analysed by HPLC (as section 2.3.2). The 

niosome pellet was washed three times with 1 mL phosphate pH 7.4 (0.05 M) and 

resuspended with 1 mL Milli-Q water mixed with isopropyl alcohol (50:50 v/v). This caused 

the niosomes to break, releasing the contents, which was diluted with mobile phase (1:10) for 

HPLC analyses of GHK. The percentage of GHK-Cu entrapped within niosomes is a function 

of the amount of peptide determined in the niosomes to the total amount of peptide 

(supernatant and niosomes associated combined). This association, including GHK-Cu 

entrapped in the core and associated in the lipids membrane, loosely termed entrapment, was 

calculated from (Equation 3.1) and is provided as a percentage entrapped (entrapment 

efficiency, EE) whilst drug loading is calculated from Equation 3.2.  

Equation 3.1 

𝐸𝐸(%) =  
𝐷𝐴

𝐷𝐴 + 𝐷𝑠
× 100 

Where: (𝐷𝐴) is the total amount of GHK-Cu entrapped in niosomes and (𝐷𝑠) the amount of 

GHK-Cu in the supernatant.  

Equation 3.2 

𝐷𝐿(%) =  
𝐷𝐴

𝐿𝑇 + 𝑃𝑇
× 100 

Where: (𝑃𝑇) is the total peptide amount added and (𝐿𝑇) the total lipid content found in the 

formulation (297). 
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3.3.6 In vitro release properties  

The release of GHK-Cu from the optimized niosomes was performed using a dialysis bag 

(12,000 – 14,000 molecular weight cut-off) as the donor compartment over a 48 hour period. 

The niosomes with entrapped GHK-Cu, previously separated from free drug using the 

centrifugation-purification method, were resuspended in 1 mL of phosphate buffered saline 

(50 mM PBS at pH 7.4). Following soaking the membrane for 1 hour in warm water (25 ± 2 

°C), one side of the dialysis bag was clipped closed forming a pocket. The niosome 

suspension (1 mL) was then pipetted into the bags through the open end and sealed with 

another clip. This bag was placed in 20 mL of PBS pH 7.4 0.05 M stirring at 100 rpm, 

maintained at 37 ± 2 °C. Samples from the receptor compartment (200 µL) were removed 

and replaced with fresh fluid. The aliquot was mixed with HPLC mobile phase in a 1:10 ratio 

and analysed.  

3.3.7 Long-term stability 

In order to determine the long-term stability of cationic niosomes, suspensions were placed 

into stability chambers set at 4 °C, 25 °C and 40 °C RH ± 75% (Binder, Germany).  At the 

end of the 3 month period the niosomes (produced from Table 3.7) were tested for size and 

charge changes indicative of stability. Niosome samples were also measured for entrapment 

of GHK-Cu. 

3.3.8 Data analysis 

Design Expert (Stat-Ease Inc, Minneapolis USA, version 9.0.3.1) was used for the design and 

analysis of the factorials. A one-way analysis of variance (ANOVA) was provided by the 

software (Design Expert) for the design results produced. T-tests were performed for other 

statistical analysis. Statistical significance was set to 0.05. 
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3.4 Results and discussion 

There are many ways to prepare niosomes (Section 1.8.2). The three methods used for the 

initial screening were primarily selected due to suitability of producing niosomes that could 

entrap proteins/peptides and the equipment that Snowberry (Auckland, Industry sponsor) had 

available. This would allow for scale up for the final formulation.  

A property not included in analysis is flexibility.  

3.4.1 Selection of niosome preparation method 

Prior to the final factorial study, initial studies were undertaken to evaluate the best method 

for preparation. Results of different methods are presented and discussed in subsections with 

findings summarised in Table 3.1. 

 

Table 3.1 The size of niosomes (nm) prepared by three initial different methods. Data is mean 

± standard deviation; n = 3.  

Formulation 

name 

Cholesterol:  

Span 60  

(molar ratio) 

Thin film hydration 
Dried reconstituted 

vesicles 

Reverse phase 

evaporation 

F1 (1, -1) 1:0.8 551.3 ± 199.3 2192.5 ± 559.3 688.3 ± 424.9 

F2 (1, 0) 1:1 580.7 ± 33.7 1618.1 ± 869.7 417.9 ± 298.9 

F3 (1, 1) 1:1.2 1231.1 ± 575.1 1187.3 ± 178.2 444.1 ± 310.4 

F4 (0, -1) 0.8:0.8 395.3 ± 179.5 1988.1 ± 144.9 466.1 ± 394.6 

F5 (0, 0) 0.8:1 457.1 ± 97.1 1929.5 ± 228.4 395.3 ± 179.5 

F6 (0, 1) 0.8:1.2 424.8 ± 138.1 1398.5 ± 219.9 344.9 ± 145.8 

F7 (-1, -1) 0.6:0.8 356.2 ± 219.4 1686.5 ± 248.2 293.0 ± 109.9 

F8 (-1, 0) 0.6:1 373.4 ± 49.3 1769.2 ± 633.3 399.6 ± 25.9 

F9 (-1, 1) 0.6:1.2 367.1 ± 96.5 1563.5 ± 342.9 428.1 ± 179.7 

 

 

3.4.1.1 Thin film hydration method 

The greatest challenge with this method was the creation and rehydration of a thin film. 

Numerous attempts with varying round bottom flask sizes (50, 100 and 250 mL), pressure 

(900 – 400 mPa), rehydration volume (0.5 – 3mL) and rotation speed (80 and 200 rpm) 

eventually prepared a film that could be hydrated. After 24 hours, some material would 

sediment to the bottom of the 10 mL glass storage container. This was attributed to increased 
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cholesterol. Formulations with the lowest cholesterol concentration (0.6 M) had the least 

sedimentation. This initial work highlighted the need for lower cholesterol content in 

niosome preparation. The optimisation of the chosen method therefore utilised a working 

range of 0.1 – 0.3 M. Insufficient hydration was more evident in those samples with 

increased Span 60. The optimisation therefore utilized a working range between 0.8 - 1 M. 

3.4.1.2 Dried reconstituted vesicles 

With this method a lipid powder was produced before rehydration with the peptide water 

solution. There was a significant amount of lipid that would not form vesicles as a result of 

insufficient wetting with the aqueous phase volume used. Increasing the volume would 

reduce the entrapment efficiency. Within a 24 hour period, a lipid mass precipitated. Placing 

the final suspension into a vortex mixer at 50 °C for 24 hours or mechanical shaker did not 

fully rehydrate the lipids. Measuring the size was also difficult. Taking a sample from the 

suspension above the precipitated lipid would not be a true representation but was the only 

way to gauge the estimated size of potential vesicles. This precipitation and extensive 

insoluble mass present were the leading reasons as to why further study into this method was 

discontinued. 

3.4.1.3 Reverse phase evaporation method 

The RPE method mixed the peptide solution with the lipid phase (emulsifying) before 

creating a thin film. Whilst there was still some lipid that was not completely wetted, 

increasing the temperature during the hydration phase reduced this outcome. Similar 

sedimentation, as with the thin film hydration method, was evident with the amount increased 

with increasing cholesterol content.  

This method was chosen for optimisation as the entrapment was potentially higher (Section 

1.8.2) versus the thin film hydration method, yet produced similarly sized niosomes. 

Preformulation work (Section 2.4.6) concluded that the peptide was not soluble in non-polar 

compounds and thus supported the use of chloroform as a solvent for the niosomal lipids. The 

peptide remains in the aqueous phase during the reverse emulsion step and increases the EE.  

3.4.2 Optimization of preparation variables 

Based on the results from the preliminary studies, the RPE method was selected for 

preparation of GHK-Cu loaded niosomes. The following studies are therefore based on this 

method. 
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3.4.2.1 Determination of lipid phase transition temperature 

There was a large endotherm peak between 47 and 52 °C in the DSC diagram (Figure 3.1). 

This corresponds with the absorption of energy by the lipid components. At 54 °C, this 

returned to the basement level indicating the phase transition was complete. This phase 

transition temperature of Span 60 is similar to that of Yoshioka  et al. who reported it as 50 °C 

(298). All temperatures above this were therefore considered above the lipid phase transition 

temperature and the reason for using 55°C for reverse phase film rehydration. 

 

 

Figure 3.1 DSC diagram of the niosomes lipid components identified the phase transition 

temperature. 

 

Exceeding the lipid phase transition temperature moves the Span 60 molecules from a gel 

state to a liquid state (218). This liquid state causes the surfactant molecules to self-assemble 

a liquid crystal bilayer forming niosomes. This might also play a role in vesicle formation 

during reverse phase film formation whereby the lipid phase temperature is exceeded 

increasing the fluidity and vesicle formation during this time. 

3.4.2.2 Effect of temperature on preparation of niosomes 

The optimum temperature (55 °C) was chosen after the DSC measurements showed that the 

lipid phase transition temperature was complete after 54 °C. Increases above this temperature 

require a higher input energy and might cause degradation of temperature labile components 
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if GHK-Cu were substituted. The significance of the lipid phase transition temperature and 

the effect of preparation below this temperature point were important to determine in order to 

optimize the preparation process. The size information is provided in Table 3.2. 

 

Table 3.2 Niosome size with different drying and rehydration temperatures using a 2
2
 

factorial design. Data are means ± standard deviation; n = 3. 

Sample 

Name 

Factors (°C) Size 

 (nm) 

  
Film drying 

temperature 

Hydration 

temperature 

Fa (-1, -1) 22 22 737 ± 81.8 

Fb (+1, -1) 55 22 999 ± 42.1 

Fc (-1, +1) 22 55 335 ± 8.3 

Fd (+1, +1) 55 55 236 ± 1.2 

 

 

Statistical analysis of the data from the factorial design indicated that the rehydration 

temperature was critical (Table 3.3) p < 0.003. The effect of rehydration temperature 

displayed a clear trend with higher temperatures producing smaller niosomes. This was 

largely attributable to the phase transition of the lipids. It has previously been shown that 

exceeding the phase-transition temperature for the lipids is essential in producing non-ionic 

vesicles (298). This experiment confirmed the need to exceed the lipid phase transition 

temperature of the lipids during rehydration of the reverse phase film. 

These results also indicated that during the gel formation of the RPE method the temperature 

had no significant effect on the final size of the non-ionic niosomes (Table 3.3).  
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Table 3.3 ANOVA results for the production parameters showing hydration temperature to be 

the most important  

Variables Sum of Squares p-value 

Drying 

temperature 
3486.13 0.6108 

Rehydration 
temperature 

4.85 × 10
5 

0.0029 

 

 

3.4.2.3 Effect of hydration time on vesicle size 

The PDI narrowed with increasing time of hydration from 10 to 120 minutes (Figure 3.2 A). 

The size of the niosomes decreased with increasing hydration time (Figure 3.2 B). The 

formation of niosomes is a spontaneous process as the lipid hydrates with water. The lipid 

hydrates at different rates according to the thickness and temperature of the film and 

therefore is not instant. The effect of hydration time needs to be taken into account when 

formulating and creating an optimized production process.  

The PDI is a number calculated from the fit of the sample to the correlation data. The 

maximum value of 1 indicates that the sample has a very broad size distribution. This 

generally means larger particles and sedimentation is likely. Values approaching 0 indicate a 

narrow distribution range. In Table 3.4 the PDI narrows with increasing hydration time. 

Changes in PDI values were only significant (p<0.05) for the first three time points (10 - 30 

minutes). From this point on the distribution does not change with significant effect (looking 

specifically at the difference in ten minute time points). The numbers do get smaller with 

time but, as can be seen in Figure 3.2 A, tends to plateau after 40 minutes.  

The size changes of the vesicles between the time points measured up until 40 minutes are 

significantly different from each other. Thereafter the size does not change significantly but 

does however continue to slowly decrease.  This trend, similarly to the PDI, plateaus from 40 

minutes onwards (Figure 3.2 A). Given the established time course of dispersity and size 

changes there is limited value in extending hydration times beyond 40 minutes. Niosomes 

were therefore produced with a 60 minute hydration time as this ensured the preparation of 

the smallest (d nm) and narrowest size distribution (PDI) of niosomes.  
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Figure 3.2 PDI (A) and size (B) changes as a function of hydration time in prepared niosomes 

measured in 10 minute intervals. Data are means ± SD, n=3 from three individual 

experiments. 
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Table 3.4 The effect of hydration time on sizes and distribution of niosomes and statistical 

analysis. Data are mean ± standard deviation; n = 3.  

Time 

(min) 
Size (d.nm) T-test (p value) PDI T-test (p value) 

10 628.7 ± 39.2 0.003 0.71 ± 0.05 0.008 

20 277.6 ± 7.3 0.002 0.33 ± 0.01 0.015 

30 228.56 ± 3.3 0.004 0.25 ± 0.01 0.106 

40 204.89 ± 2.8 0.061 0.22 ± 0.01 0.987 

50 210.9 ± 1.6 0.091 0.22 ± 0.02 0.562 

60 199.3 ± 0.4 0.021 0.20 ± 0.03 0.431 

90 193.6 ± 1.6 0.371 0.22 ± 0.01 0.019 

120 193.3 ± 1.8   0.19 ± 0.01   

 

 

3.4.2.4 Effect of total lipid content on GHK-Cu entrapment 

While GHK-Cu concentration and volume were fixed increasing the lipid content resulted in 

increasing entrapment efficiency. This relationship was near linear with a R
2
 value of 0.97 

(Figure 3.3 A). Entrapment efficiency increased from 5.5 ± 0.5% in formulations made with 

25 mg lipid to 13.0 ± 0.6% in formulations with 200 mg lipid.  More lipid is available for 

hydration during the final niosome formation process and as such entraps more peptide 

within. Increasing lipid content has the opposite effect on drug loading. Drug loading 

decreases with increasing surfactant quantities (Figure 3.3 B), which is due to the starting 

ratio of drug to lipid. Drug loading decreased from 1.68 ± 0.15% with a total of 25 mg lipid 

to 0.62 ± 0.13% with 200 mg lipid.  Similar trends have been reported in literature for other 

lipid based vesicles (298, 299). To achieve a balance between entrapment efficiency and drug 

loading a total of 100 mg lipid was used in further studies. 
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Figure 3.3 Effect of increasing lipid content on entrapment efficiency (A) and drug loading 

(B) where volume and concentration of the GHK-Cu solution were fixed. Data are means ± 

SD, n=3 from three individual experiments. 

 

3.4.3 Cationic niosome formulation optimization 

3.4.3.1 Effect of DDAB concentration on zeta potential and size 

The DDAB content in the cationic formulation was determined by studying the effect of 

DDAB concentration on zeta potential. Non-ionic niosomes produced without the addition of 

DDAB had a negative charge (Figure 3.4). Increasing amounts of DDAB caused a positive 

increase of the zeta potential of the suspension up to the addition of 0.08 M DDAB for 

niosomes containing 100 mg total lipid.  Above 0.08 M DDAB added there was no further 
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significant increase in zeta potential (p>0.1). This indicates that the niosome shell was 

saturated with DDAB lipid.  

 

 

Figure 3.4 The effect of DDAB coating on the zeta potential of empty niosomes: Increasing 

DDAB concentration causes an increase in zeta potential which reaches a plateau at 0.08 M. 

Data are means ± SD, n=3 from three individual experiments. 

 

The zeta potential changes between the additions of DDAB from 0.04 M onwards reduces to 

a lesser extent than lower concentrations (Table 3.5). The amount of DDAB required to 

charge the particles from 50 mV to 65 mV is double that required to charge niosomes from -

35 mV to 50. It is therefore not beneficial to continue to add DDAB to gain a relatively small 

benefit of increased charge.  

Charged particles with a zeta potential magnitude >30 mV are required for adequate 

electrostatic stabilization (300). Using 0.05 M DDAB increased the potential above the gold 

standard of 30 mV. This amount would be less toxic than higher amounts and would allow a 

20 mV safety margin if the potential dropped over time.  
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Table 3.5 Effect of concentration of DDAB on the surface charge of niosomes: Addition of 

DDAB causes significant increases in zeta potential of niosomes up until a 0.08 M. Data are 

means ± SD, n=3. All significance levels were determined using a t-test. 

 

Number DDAB 

concentration (M) 

Zeta potential 

(mV) Comparison 

Difference 

(mV) Prob > t 

1 0.00 -35.6 1 vs 2 -44.1 < 0.001 

2 0.01 8.58 2 vs 3 -17.0 < 0.001 

3 0.02 25.6 3 vs 4 -12.7 < 0.001 

4 0.03 38.3 4 vs 5 -9.1 < 0.001 

5 0.04 47.4 5 vs 6 -4.4 0.015 

6 0.05 51.9 6 vs 7 -5.1 0.006 

7 0.06 57.0 7 vs 8 -4.0 0.026 

8 0.07 61.0 8 vs 9 -5.7 0.002 

9 0.08 66.7 9 vs 10 2.7 0.123 

10 0.09 64.0 10 vs 11 -0.7 0.667 

11 1.00 64.7 - - - 

 

 

Based on above results a 0.05 M DDAB was chosen as the post-insertion quantity used for 

further niosome production. Since a cationic lipid may cause toxicity (301), a minimal 

concentration should be used.  

Furthermore, the effect of incubation of niosomes with DDAB on the noisome size was 

studied.  Upon the addition of 0.05 M DDAB the size of the niosomes increased by 32.3 nm 

(Table 3.6). The charged lipid becoming incorporated into the bilayer might explain this. 

Incorporation would cause other lipids to adjust and increase the interbilayer distances with 

the net effect increasing size (302).  
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Table 3.6 Addition of DDAB to niosomes results in a net increase in size. Data is mean ± 

standard deviation; n = 3.  

Formulation Without DDAB With DDAB Difference 

Size (d nm) 193.3 ± 5.2 225.7 ± 7.6 32.4 

Zeta Potential (mV) -35.6 ± 1.6 49.4 ± 3.0 85 

 

3.4.3.2 Determination of Span60/cholesterol composition 

The factorial design (Table 3.7) was used to optimally determine the composition of cationic 

niosomes for entrapment and size.  

 

Table 3.7 Physicochemical characteristics of the GHK-Cu containing cationic niosomes. Data 

is mean ± standard deviation; n = 3. 

Formulation 

Name 

Cholesterol 

(molar 

ratio) 

Span 60 

(molar 

ratio) 

Vesicular size 

(nm) 

Zeta potential 

(mV) 

Entrapment 

efficiency (%) 

F1 (-1, -1) 0.1 0.8 481 ±  4.9 34.7 ±  3.2 6.5 ±  0.9 

F2 (-1, 0) 0.1 0.9 466 ±  13.2 32.6 ±  2.6 7.1 ±  0.1 

F3 (-1, 1) 0.1 1 448 ±  5.0 38.1 ±  1.7 7.0 ±  0.1 

F4 (0, -1) 0.2 0.8 235 ±  12.6 40.0 ±  3.0 5.9 ±  0.1 

F5 (0, 0) 0.2 0.9 382 ±  26.8 42.4 ±  1.2 11.5 ±  0.1 

F6 (0, 1) 0.2 1 443 ±  13.9 51.9 ±  2.3 10.7 ±  0.2 

F7 (1, -1) 0.3 0.8 226 ±  7.7 49.4 ±  3.0 9.7 ±  0.3 

F8 (1, 0) 0.3 0.9 328 ±  13.0 49.4 ±  1.2 10.7 ±  0.1 

F9 (1, 1) 0.3 1 302 ±  37.1 48.6 ±  1.9 10.6 ±  0.2 

 

 

Increasing cholesterol from 0.1 to 0.3 M (Figure 3.5 A) in the niosome formation caused a 

significant decrease in size (p < 0.05) (285.4 ± 53.2 nm vs. 465.1 ± 16.4 nm). This is due to 

the reduction in the curvature attributable to the interactive forces between Span 60 and 

cholesterol (303).  It is possible that the hydrophilic head group of the cholesterol forms 

hydrogen bonds with the ester group of the Span 60 through a parallel orientation (Figure 

3.6). The steroid group of the cholesterol would orientate adjacent to the acyl chains of Span 

60. The only hydrophilic moiety, the 3 β-hydroxyl (β-OH) head group, of the cholesterol 
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would position and form hydrogen bonds with either the oxygen of the ester group on the 

sorbitan monostearate or with the adjacent oxygen. It is these bonds that increase mechanical 

stiffness. Due to the positive binding sites on DDAB, a similar interaction is proposed 

(Figure 3.6). Considering that there is more Span 60 in the formulations there is an excess of 

binding sites and therefore competition between cholesterol and DDAB would be minimal. 

 

 

 

Figure 3.5. The effects of the composition of niosomes on size (p < 0.05) (A), and entrapment 

efficient (B) in regards to cholesterol and Span 60 content. 
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Figure 3.6  (A) Potential molecular interactions and orientations of cholesterol and span 60 in 

the niosome bilayer. Modified from Behrooz (303). (B) Potential interaction with DDAB. 

 

Accommodation of the cholesterol with the Span 60 is concentration and temperature 

dependent (303). This might explain the increases in size seen in samples kept at 4 °C. 

Further increases in cholesterol (above 0.5 M) would see it precipitate out when standing at 

room temperature for 24 hours (Section 3.4.1.1 and 3.4.1.3) after the change from the liquid 

to gel state of the Span 60 hydrocarbon chains. Similar conclusions were reported in a 

previous study finding that with excessive concentrations of cholesterol, non-uniform 

distribution and cluster formation would result (304). There is a measurable average size 

increase with increasing surfactant quantities, which is not statistically significant (p>0.05). 

The trend of increasing surfactant amount causing an increase in size has however previously 

been shown (305). 

The entrapment increased with increasing cholesterol (Figure 3.5 B). Interactions between 

Span 60, cholesterol and DDAB enhance the stability of the bilayer through cohesion. 

Increasing cohesion increases stiffness resulting in increased stability and drug retention 

properties (306). This explains how the entrapment significantly (p<0.05) increases from 6.9 

± 0.2% to 10.3 ± 0.5% in niosomes produced from 0.1 M and 0.3 M cholesterol respectively. 

A                                                                        B 
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The amount of GHK-Cu entrapped with niosomes was higher in formulations with higher 

surfactant quantities. Increasing surfactant quantities has been shown to increase size, which 

in turn increases the volume entrapped and so entrapment of actives (305). The combination 

of these two span and cholesterol levels produce a clear surface activity plot (Figure 3.7).  

 

Figure 3.7 Surface activity plot showing relative ratios of Span 60 and cholesterol and the 

effect on final size of niosomes. 

 

These results indicate that formulation F7 is the ideal formulation for the entrapment of 

GHK-Cu due to the EE results, morphology, size and charge. This formulation was therefore 

used for the in vitro release analysis. 

 

3.4.4 Characterisation of niosome nanoparticles 

3.4.4.1 Particle size and zeta potential of cationic niosomes 

The physical characteristics of the cationic niosomes were largely dependent on the ratio of 

cholesterol and Span 60.  The effect of bilayer composition on vesicle size, charge and 

encapsulation was therefore optimised and studied. The concentration of DDAB added 

remained constant as this was only added post-production to give the final niosome a charge. 

Table 3.7 displays the physicochemical properties of the produced niosomes following post-
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insertion of the positive charge. The niosome sizes ranged from 225.7 to 480.7 nm. Decreases 

in size were seen with reduced surfactant quantities and increased cholesterol. The 

entrapment varied from as low as 5.9 ± 0.1% through to 11.5 ± 0.1%. All batches produced 

had a zeta potential between +34.7 and +51.9 mV.   

3.4.4.2 Morphology and lammellarity 

The size of the niosomes was confirmed through TEM of formulation F7. Two stains were 

initially tried on the niosome samples. These included phosphotungstic acid (PTA) and 

uranyl acetate. The PTA produced a better negative stain compared with the uranyl acetate. 

The uranyl acetate formed crystals on the grid and therefore was not chosen as the stain as 

this interfered with imaging. An example of the crystal growth is seen in Figure. 3.8.  

A collection of niosomes (Figure 3.9), each with a distinct unilamellar membrane, can be 

seen in the micrograph using PTA as a stain. Excess lipid can also be viewed as fragments 

between the niosomes.  

 

 

Figure 3.8 Crystal growth observed under TEM using uranyl acetate as a stain. 
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Figure 3.9. TEM image of unilamellar niosomes from a dispersion of F7, using PTA as a 

stain. 

 

3.4.4.3 In vitro release 

There was a rapid movement of GHK-Cu solution through the dialysis membrane, which 

reached equilibrium after 4 hours, Figure 3.10. An initial release was seen from both the 

positive and neutral niosomes over the first two hours (22.8 ± 4.4% in cationic niosomes and 

20.5 ± 0.6% in non-ionic niosomes). This initial release is attributed to a small amount of free 

GHK-Cu trapped in spaces between niosomes (in solution). The maximum release from 

neutral niosomes was 33.3 ± 1.3% which is similar to the cationic niosomes at 29.8 ± 0.9%.  

The release profiles of both niosome types are very similar indicating that the charge does not 

affect the release of GHK-Cu. The physicochemical properties of GHK-Cu might stop the 

peptide from crossing the lipid bilayer of the niosome. Being extremely hydrophilic the 

peptide will remain in the lumen of the vesicle and not be released. This would be beneficial 

in vivo whereby intact niosomes can enter the dermis and only release GHK-Cu upon 

entering cells. 
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Figure 3.10 Release profiles from non-ionic and cationic niosomes in 0.1 M PBS at 37 °C. 

Data is means ± SD, n =3. 

 

3.4.4.4 Long-term stability 

Stable vesicular dispersions should ideally exhibit constant particle size, charge and 

entrapment without the precipitation of the membrane components over time (218). So often 

is the case though, that long-term experiments reveal increases in diameter of vesicles 

attributed to fusion or aggregation of vesicles (307, 308) and a decrease in entrapment of 

lumen actives (309, 310). This present long-term study displayed similar trends in the 

formulations presented (Tables 3.8, 3.9 and 3.10).  
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Table 3.8 Particle size (nm) for niosome formulations following three months of storage at 

different conditions. Data is mean ± standard deviation; n = 3. 

Formulation  Initial 4 ± 2 °C 25 ± 2 °C 40 ± 2 °C 

F1 (-1, -1) 480.6 ± 4.9 832.1 ± 18.7 610.4 ± 16.4 663.9 ± 14.2 

F2 (-1, 0) 466.8 ± 13.2 1037.4 ± 41.8 797.7 ± 34.9 874.6 ± 80.5 

F3 (-1, 1) 447.8 ± 4.9 818.9 ± 30.8 614.0 ± 19.9 648.8 ± 50.4 

F4 (0, -1) 234.6± 12.6 305.4 ± 23.4 306.0 ± 6.8 328.1 ± 41.4 

F5 (0, 0) 381.9 ± 26.8 475.3 ± 57.7 554.4 ± 50.8 512.8 ± 119.2 

F6 (0, 1) 443.4 ± 13.9 564.9 ± 17.6 567.4 ± 32.1 516.1 ± 46.0 

F7 (1, -1) 225.7 ± 7.6 385.6 ± 88.2 386.8 ± 33.6 352.8 ± 18.3 

F8 (1, 0) 328.1 ± 13.0 422.0 ± 113.8 310.6 ± 15.1 530.1 ± 22.8 

F9 (1, 1) 302.3 ± 37.1 437.6 ± 52.7 332.0 ± 30.0 296.9 ± 25.5 

 

Table 3.9 Zeta potential (mV) for niosome formulations following three months of storage at 

different conditions. Data is mean ± standard deviation; n = 3. 

Formulation  Initial 4 ± 2 °C 25 ± 2 °C 40 ± 2 °C 

F1 (-1, -1) 34.7 ± 3.2 32.6 ± 0.5 32.1 ± 1.6 33.2 ± 0.3 

F2 (-1, 0) 32.6 ± 2.6 31.3 ± 1.4 26.5 ± 0.8 31.5 ± 0.2 

F3 (-1, 1) 38.1 ± 1.7 37.8 ± 1.2 27.9 ± 1.1 29.8 ± 0.9 

F4 (0, -1) 40.0 ± 3.0 40.1 ± 1.2 32.4 ± 0.5 34.5 ± 1.7 

F5 (0, 0) 42.4 ± 1.2 40.8 ± 0.4 37.5 ± 2.5 33.3 ± 2.8 

F6 (0, 1) 51.9 ± 2.3 36.3 ± 0.3 32.3 ± 1.9 47.9 ± 2.3 

F7 (1, -1) 49.4 ± 3.0 44.9 ± 1.0 35.9 ± 2.7 37.9 ± 0.7 

F8 (1, 0) 49.4 ± 1.2 40.2 ± 3.5 38.3 ± 1.0 47.1 ± 7.9 

F9 (1, 1) 48.6 ± 1.9 42.7 ± 0.6 41.8 ± 1.1 42.8 ± 0.9 
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Table 3.10 Entrapment efficiency (%) of GHK-Cu in niosome formulations following three 

months of storage at different conditions. Data is mean ± standard deviation; n = 3.  

Formulation   Initial   
 

  4 °C  
 

  25 °C  
 

  40 °C  

F1 (-1, -1) 6.5 ±  0.9  4.2 ±  0.2  4.9 ±  0.2  4.5 ±  0.2 

F2 (-1, 0) 7.1 ±  0.1  4.1 ±  0.4  5.5 ±  0.1  4.4 ±  0.6 

F3 (-1, 1) 7.0 ±  0.1  4.8 ±  0.2  4.1 ±  0.4  5.1 ±  0.5 

F4 (0, -1) 5.9 ±  0.1  4.3 ±  0.7  5.8 ±  0.6  5.7 ±  0.7 

F5 (0, 0) 11.5 ±  0.1  7.9 ±  0.3  7.4 ±  0.4  6.6 ±  0.4 

F6 (0, 1) 10.7 ±  0.2  7.3 ±  0.4  7.8 ±  1.1  8.8 ±  0.8 

F7 (1, -1) 9.7 ±  0.2  6.2 ±  0.3  7.4 ±  0.6  6.9 ±  0.1 

F8 (1, 0) 10.7 ±  0.1  7.2 ±  0.2  7.9 ±  0.3  7.1 ±  0.7 

F9 (1, 1) 10.6 ±  0.2  7.6 ±  0.3  7.2 ±  0.3  7.2 ±  0.8 

 

The sizes of the niosome increased over the duration of the study. Thermodynamics and 

composition play important roles in the final outcome over a long period of time (218). 

Smaller niosomes have a greater surface area and thus greater surface free energy. This 

increase in surface energy tends to cause aggregation and thus increases in size. The opposite 

is true whereby larger niosomes have a smaller surface area and lower surface energy as a 

result, leading to increased stability. Playing a vital role is the amount of cholesterol, which, 

as previously discussed in Section 3.4.3.4, increases rigidity and stability of niosomal 

membranes. Lower content of cholesterol leads to more fluidity and aggregation. This was 

confirmed by the long-term size results. Two formulations, namely F2 and F7, lay slightly 

outside of this trend. This may have been due to the incomplete or slow hydration during 

production (311). In all cases small sediment formed and was easily dispersed by hand-

shaking or vortexing, revealing that it was a result of aggregation rather than fusion of the 

vesicles. The seemingly larger (p>0.05) increase in size at 4 °C compared with the other 

temperature conditions might further be explained due to the lack of thermal energy around 

the vesicles (312). In accordance with thermodynamic theory, the smaller vesicles require 

higher input of energy to overcome the inherent instability that causes vesicles to fuse or 

aggregate (218).  

The zeta potential decreased in magnitude on storage over the three months in all 

formulations tested. All three month niosome zeta potentials were positive. Only those of F2 

and F3 fell below 30 mV. The chosen formulation, F7, held the positive potential over the 

test period. Formulation 9 changed the least when comparing the average change over the 
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entire temperature range. Formulation 2 changed the most. The greatest change was observed 

in the group with the lowest amount of cholesterol (0.1 M). This was followed by the three 

formulations containing 0.2 M cholesterol and finally the smallest change was observed by 

the three formulations containing 0.3 M.  

The decrease in entrapment of GHK-Cu over a three month period, in all temperature 

conditions, was statistically significant when compared with the initial results. The niosomes 

with smaller amounts of cholesterol had the largest comparative reduction in entrapment. 

This trend has previously been published for over a decade (218, 313). Therefore the rigidity 

of the membrane, as a direct result of the cholesterol content, is important for leakiness. The 

difference between the temperature conditions, for each formulation, was not significant. 

This might be due to the gel-state of the Span 60 which decreases leakiness, increases 

stability and encapsulation (302).  
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3.5 Conclusion 

In the present chapter, both cationic and non-ionic GHK-Cu entrapped niosomes were 

prepared for evaluation. The pilot study indicated the RPE method was more suitable than 

thin film hydration method or dried reconstituted vesicles for the preparation of niosomes 

given the previously published evidence of higher entrapment efficiency and the present 

study findings of the similar size of vesicles. The lipid phase transition temperature of the 

niosomal lipid mixture determined by DCS was used to determine the effect of temperature 

on preparation parameters, which emphasized the need for hydration above this point. 

Hydration time was shown to be important with 40 minutes being optimal to produce 

niosomes. 

It was demonstrated that the bilayer composition directly affects the size and entrapment 

efficiency of niosomes with GHK-Cu. The addition of DDAB, by post-insertion, increased 

both the size and cationic charge with the statistically most beneficial effect occurring at 0.05 

M. Niosomes ranged from 225.7 to 480.7 nm, which fall within 229 - 498, previously shown 

to cross into the dermis (294). Smaller vesicles will result in higher cutaneous accumulation 

(243). The entrapment varied from 5.9 through to 11.5%. All batches produced had a zeta 

potential between +34.7 and +51.9 mV.  Increasing the content of Span 60 caused an increase 

in size whilst increases in cholesterol decreased size. All were produced with sizes that were 

< 500 nm and a positive charge added to ensure stability and improve dermal delivery. 

Release of GHK-Cu from vesicles, both non-ionic and cationic, had similar release profiles 

suggesting the peptide cannot traverse a lipophilic domain irrespective of charge. 

Additionally, charge does not increase or decrease leakiness. Three month stability at 4, 25 

and 40 °C increased the size of the vesicles in all formulations, decreased the entrapment but 

maintained a >30 mV zeta potential in all bar two cases. Formulation 7 was chosen as the 

most promising formulation as the balance between entrapment, size, composition, release 

and stability suited dermal delivery more so than the other formulations tested. 

The optimized Formulation 7, charged or non-charged, will be examined in vitro for the 

absorption and cellular trafficking in Chapter 4. 
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4 Cellular trafficking and skin permeability of 

niosomes: the charge effect 

4.1 Introduction  

Niosomes were previously developed (Chapter 3) using Span 60, cholesterol with and 

without modification with a cationic lipid, didecyldimethylammonium bromide (DDAB), to 

entrap tripeptide glycyl-histidyl-lysine-copper (GHK-Cu) for the purposes of dermal 

delivery. In this chapter we determine the effect of charge on both intracellular delivery and 

ex vivo skin permeation following topical delivery.  

Although cationic lipid vesicles are reported to have improved skin permeability (314), it has 

also been established that cationic lipids are membrane active (315, 316) and can be toxic at 

high concentrations (301).  For this reason, cell viability in the presence of different 

concentrations of DDAB in cationic niosomes, non-ionic niosomes and solutions (Section 

4.3.2.1) needed to be established before the intracellular uptake studies. The most commonly 

used cell viability assay is 5-diphenyl-tetrazolium bromide (MTT) assay (317), in which 

MTT is converted to formazan by living cells. The formazan can be measured by UV 

absorbance as a measure of the cell viability.  

The effect of charge is, to date, little discussed in topical cationic vesicular peptide/protein 

delivery. Previous published materials suggest that the addition of cationic charge to a carrier 

system causes adsorption onto the negatively charged cellular membrane components such as 

sialic acid (148), phospholipidic acid (149) or heparin sulphate (150), therefore promoting 

internalization into cells (148).  Prior art also suggests that after internalization the positive 

charge of nano-particles aids in the destabilization of the endosomal membrane allowing 

effective delivery from the carrier (318). Cellular uptake of calcein entrapped niosomes can 

be imaged, in a similar manner to Paolino et al., with the use of confocal microscopy (296). 

Calcein is a florescent marker that shares a number of similar physicochemical properties 

with GHK-Cu.  The water solubility of calcein exceeds 100 mg ml
-1

 in 0.01M PBS at pH 7.4 

and has a molecular weight of 622 g mol
-1

. Being of similar size and aqueous solubility at 

physiological pH calcein replaced GHK-Cu for visual studies. 

Intracellular uptake and trafficking of nano-particles can be imaged with the use of a 

transmission electron microscopy (319). Alternatively the cellular uptake of vesicles might 
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also be imaged and contents quantitatively measured using scanning electron microscopy and 

Pegasus energy dispersive spectroscopy (EDAX) (320) or using confocal microscopy (321). 

Coating of samples with gold (Au), gold/palladium (Au/Pd), platinum (Pt), silver (Ag), 

chromium (Cr) or iridium (Ir) is required in the field of electron microscopy to enable or 

improve the imaging of samples. Creating a conductive layer of metal on the sample inhibits 

charging, reduces thermal damage and improves the secondary electron signal required for 

topographic examination in the SEM. It also increases the amount of secondary electrons that 

can be detected from the surface of the specimen in the SEM and therefore increases the 

signal to noise ratio.  

To enhance the anti-ageing efficacy of GHK-Cu this research aims to target delivery to 

fibroblasts, human primary dermal fibroblasts (HDFa) were chosen for the studies in this 

chapter, as they are the closest representative cells to those found in the dermis. The passage 

number was restricted to 4-8 due to replicative senescence or aneuploidization that often 

affects primary cell lines preventing indefinite culture (322).  Furthermore a recently 

published paper evaluated the cytogenic stability and DNA damage of cultured human 

dermal fibroblasts and the results concluded that higher passage cell lines (10 – 15) were 

more likely to have DNA damage (323).  

This chapter also investigates the effect of charge on absorption into ex vivo human skin 

using confocal laser scanning microscopy (CLSM) (324). Skin viability was maintained 

using supplemented Dulbecco’s Modified Eagle’s Medium (DMEM), a technique first used 

on excised mouse skin (325). 

4.2 Chapter aim 

This chapter aimed to evaluate whether niosomes could act as a potential dermal delivery 

system to increase cellular absorption of GHK-Cu and improve trans-epidermal delivery. The 

influence of carrier charge on intracellular and trans-epidermal delivery would be critically 

examined.  The specific objectives were to: 

1) Determine the growth rate and confluency time for HDFa cells in culture. 

2) Determine the non-toxic working concentration levels of GHK-Cu containing non-

ionic and cationic niosomes on HDFa cells using MTT assay.    

3) Observe the cellular uptake of the niosomes using CLSM to evaluate the charge 

effect. 
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4) Investigate the intracellular trafficking of two types of niosomes with TEM.   

5) Quantitatively measure the amount of GHK-Cu that enters a cell using non-ionic and 

cationic niosome carriers. 

6)  Measure the penetration into ex vivo human skin following topical application of 

calcein containing niosomes (non-ionic and cationic) using CLSM. 

 

4.3 Materials and methods  

4.3.1 Materials 

MTT (5-diphenyl-tetrazolium bromide) for cytotoxicity studies was purchased from Sigma-

Aldrich (Auckland, New Zealand). DMEM supplemented with 10% heat inactivated foetal 

bovine serum (FBS), 100 μg mL
-1

 penicillin and 100 μg mL
-1

 streptomycin (supplemented 

DMEM) were all purchased from Gibco (Life Technologies, Auckland, New Zealand). 

Trypsin-EDTA (0.25%) and Trypan Blue, used for cell counting and staining, was also 

purchased from Gibco (Life Technologies, Auckland, New Zealand). Calcein for florescent 

studies and was purchased from Sigma-Aldrich (Auckland, New Zealand). Cells were 

embedded in resin for TEM analysis using a TAAB 812 resin embedding kit purchased from 

Emgrid (Victoria, Australia). Copper grids used for mounting the cells were purchased from 

the same supplier. Citifluor used during confocal imaging to prevent fading was purchased 

from Emgrid (Victoria, Australia). Milli-Q water was prepared using a water purification 

system (Millipore Corp., Bedford, MA, USA). All the other materials for this study were of 

analytical grade. 

Human skin samples were provided by Manukau Surgery Centre elective surgery patients, 

with approval by the University of Auckland Human Participants Ethics Committee (Ethics 

reference number: 010990). 

4.3.2 Primary dermal human fibroblasts 

To investigate intracellular delivery of GHK-Cu and potential toxicity, human adult primary 

dermal fibroblasts (C0135C, Invitrogen, USA) were cultured in supplemented DMEM at 

37°C in a Heracell 150i incubator (Thermo Fisher Scientific, Victoria, Australia) with 5% 

carbon dioxide. Passages 4 through 8 were used in this study. 

4.3.2.1 Cell growth and viability in the presence of niosomes 
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To measure the growth of cells in terms of quantifiable numbers HDFa cells in passages 4-8 

were cultured in three 6-well plates with an initial loading of 30, 000 cells per well. The 

culture medium was replaced every three days during the assay. Cell numbers were 

established by washing the cells of one well with 1 mL warmed 37°C PBS three times, 

adding 250 µL trypsin and incubating for 5 minutes at 37°C to lift cells. An aliquot of 750 µL 

DMEM was added to neutralize the trypsin. A small sample of 20 µL of the cell suspension 

was then mixed with 20 µL Trypan Blue dye and allowed to sit for 5 minutes. This allows for 

cell without an intact membrane to take up the blue colour. A 10 µL sample was removed 

from this mixture and transferred to a haemocytometer for cell counting under a light 

microscope at 100x magnification. Cell concentration was then determined using Equation 

4.1, adapted from (326), by counting the total number of cells in the haemocytometer grid 

(TNC):  

Equation 4.1 

Cells

mL
=  

(𝑇𝑁𝐶) × 2 (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) × 104

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
× 2 ×  𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

 

The number of squares counted is normally 4. Each corner square of the haemocytometer has 

a precise volume of 10
-4

 mL.  

The time taken for the cell numbers to double is called the doubling time.  Cells were counted 

and the cells numbers were divided by the number of days between counts to give a doubling 

time. The cell numbers provided are per well, which takes into account the initial sample 

dilution with DMEM, trypsin and PBS. 

Viability of cells can also be analysed using this manual counting method (326) or through 

the use of an MTT assay (327).The cell viability of cells, after treatment with various 

niosomes, according to Figure 4.3, was determined using a MTT assay (317). Cells were 

seeded (1x10
5
 cells well

-1
) in a 6-well plate with 5 mL DMEM mixture per well and left for 

24 hours to settle. The medium was removed and replaced with various concentrations of 

GHK-Cu, cationic niosomes (N+) or non-ionic niosomes (N0) in growth medium and 

incubated for 24 hours. This medium was removed and replaced with medium containing 10 

mM MTT, incubated for 4 hours and replaced with DMSO. Following 10 minute incubation 

the absorption was measured at 540 nm on a microplate reader (SpectraMax Plus 384, 
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Molecular Devices, California USA). Viability was calculated based on the survival rate 

according to Equation 4.2.  

Equation 4.2 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 (%) =  
𝐴𝑆𝐴𝑀𝑃𝐿𝐸 −  𝐴𝐵𝐿𝐴𝑁𝐾

𝐴𝐶𝑂𝑁𝑇𝑅𝑂𝐿 −  𝐴𝐵𝐿𝐴𝑁𝐾
 

 

Where: The survival rate is determined by the absorbance of the sample (ASAMPLE) less the 

absorbance of the reagents (ABLANK) as a function of the absorbance of the control 

(ACONTROL) and reagents (ABLANK). 

4.3.2.2 Cellular uptake 

In order to image the intracellular delivery of calcein into fibroblasts, confocal laser scanning 

microscopy (CLSM) was used. This technique has been previously used to image the uptake 

of fluorescent markers (321). The fluorescent marker, calcein, was incorporated into 

niosomal aqueous cores (both cationic and non-ionic) using the reverse phase evaporation 

(RPE) method (Chapter 3) and 62 mg ml
-1

 calcein solution. This has been previously 

successfully reported by Subrizi et al. whereby calcein was entrapped into liposomes using a 

RPE method (328). Free calcein, which was imaged under 473 nm wavelength, was separated 

from niosomes using the centrifugation purification method previously outlined (Section 

3.3.4.4). Once resuspended and diluted 1:50 with water an aliquot was taken and placed onto 

a slide and visualized using a Olympus FluoView™  FV1000 confocal microscope 

(Olympus, Victoria, Australia). The images were produced in capture mode scanning at 8 ms 

per pixel per line in unidirectional fashion. The voltage on the multiplier was set to auto. All 

work was done under minimal light with steps taken to protect the calcein from quenching 

using aluminium foil.  

To image the uptake of niosomes into HDFa cells an aliquot of 0.5 mL HDFa cells 

suspension (3 × 10
4
 cells mL

-1
) was placed into each chamber of a four-chamber culture slide 

(BD Falcon) with 1 mL DMEM. These were cultured for 48 hours to adhere to the slide. An 

aliquot of 0.1 mL of the previously produced calcein niosomes suspension (final 

concentration in medium was 10
-9

 M) was added to the cell culture and left for two hours. 

The medium was then removed, washed three times with 1 mL PBS. Citifluor was then added 
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to prevent fading, slide mounted and visualized under the same conditions as the calcein 

niosomes. 
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4.3.2.3 Intracellular trafficking of niosomes and kinetics  

Transmission electron microscopy (TEM) was used to investigate  intracellular trafficking 

and kinetics (319). HDFa cells were grown to confluency in a 6-well culture dish. 

Formulations (GHK-Cu solution, non-ionic niosomal GHK-Cu, cationic niosomal GHK-Cu 

(10
-9 

M) and empty niosomes) were incubated with HDFa cells for 4 hours prior to 

processing. An untreated control was used as a reference. Processing began by washing off 

the culture media with 3 mL 0.1 M PBS three times. The PBS was removed and 2 mL 2.5% 

glutaraldehyde in 0.1 M phosphate buffer pH 7.4 was added to the dish and left for 3 hours at 

room temperature to fix. The fixative was removed, washed three times with 0.1 M phosphate 

buffer and then left for 1 hour with 2 mL 1% Osmium tetroxide in 0.1 M phosphate buffer to 

stain. This was washed off again with 0.1 M phosphate buffer three times. The cells were 

then processed for dehydration. 

To dehydrate the cells the phosphate buffer was removed a 2 mL 50% ethanol in phosphate 

buffer (0.1 M) added. Every ten minutes the solution was removed and incrementally, over 1 

hour, increased to 100% ethanol. Resin (Agar 100) was then added to the cells and left at 

60°C to polymerize. After two days the resin was cut and mounted onto copper grids and 

imaged using TEM.  

4.3.2.4 Copper content within cells 

GHK-Cu contains one copper atom per peptide molecule. Cells that take up GKH-Cu will 

contain more copper than those that are untreated. To analyse this, a 10 µm slice of the resin 

infused cells (prepared as described in Section 4.3.2.3) was placed onto a scanning electron 

grid, coated with platinum, and placed into a FEI Quanta 200 field emission Environmental 

Scanning Electron Microscope (SEM). Samples were imaged under 0.15 Torr at 24000 x 

magnification with a beam strength of 20.0 kV. Simultaneously, an EDAX Pegasus EDS 

detector was used to determine the elemental analysis of the samples within highlighted areas 

of interest. Genesis Spectrum (Version 4.5.2 from EDAX Inc.) was used to analyse the 

results. 

4.3.3 Ex vivo human skin 

Human abdominal and breast skin was obtained from volunteers; aged 20 to 56, undergoing 

elective surgery that provided informed written consent. Skin was stored in damp saline 

soaked gauze and collected with an hour of each surgery. Excess cutaneous fat was then 
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removed from the skin with a scalpel and evaluated for integrity before continuing with 

experimentation. 

Full thickness skin was used as opposed to dermatomed skin or epidermis models. A priority 

of the experiments was to visualise movement into the dermis, not just past the epidermis. 

The use of full-thickness skin, in particular with the MMP and TIMP measurements in 

Chapter 5, was also important. Dermatomed skin would cause damage and as a result 

influence the MMP and TIMP production of the skin. Through the use of larger sections and 

leaving the skin intact the impact of any damage was reduced giving more accurate 

reproducible mRNA readings. Furthermore, visualisation from the top down into the skin as 

opposed to a cross-sectional cut, prevented erroneous findings in the transfer of material 

during preparation.  

4.3.3.1 Evaluation of integrity 

 To evaluate the integrity each skin section was visually checked for apparent holes, obvious 

surface damage or rips.  Skin integrity was further determined by establishing a potential 

difference across the skin (e-Corder 410 and eDAQ Potentiostat recorder, New South Wales, 

Australia) connected to three electrodes set at 300 mV. To calculate resistance Ohms law 

(V=IR) was used after measuring the current. Skin was first mounted, with the SC side facing 

upwards, onto a vertical Franz cell chamber (VTA 200, Logan Instruments Corporation, New 

Jersey, USA) and left for 30 min to equilibrate (Figure 4.1). A cell growth medium, DMEM, 

was used as a receptor fluid to maintain sink conditions and keep the skin alive under stirring 

(325). A probe was placed into the receptor chamber and one in the donor chamber, without 

touching the skin, filled with isotonic saline solution. The measurement of current was then 

taken three times to calculate the resistance. If the value was below the cut-off, the skin was 

discarded and a new section used. The cut-off resistance value for human skin is 3.94 ± 0.27 

kΩ.cm
-2

 as suggested by Davies et al. (329).  
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Figure 4.1 Schematic of a Franz cell used to determine drug delivery information across the 

skin. Reproduced from (330). 

 

4.3.3.2  Permeation study 

The ex vivo skin permeation of calcein loaded niosomes was determined using the above 

setup. The available surface area for diffusion was 1.77 cm
2
. There was no film applied to the 

top of the diffusion cell, to avoid any occlusive effects. The medium was maintained at 32°C 

and stirred constantly with a magnetic stirring bar at 600 rpm. This temperature was chosen 

as 32°C is considered to be the temperature of human skin and is also the recommended 

receptor fluid temperature outlined in the guidance document on skin absorption studies from 

the OECD (331). Test niosomal suspensions (1 mL, as prepared in Section 4.3.2.2), Calcein 

solutions and placebo were applied to the apical surface and left for 4 hours. The skin was 

washed three times with 0.1 M PBS and prepared for confocal microscopy. 

The treated section of skin was cut to fit a slide and coverslip. It was placed epidermis up, 

surrounded by a 1 mm gasket, covered in citifluor. The coverslip was placed and sealed on 

top of the specimen. The sealant was left to dry completely before viewing under CLSM 

using the same setting previously discussed (Section 4.3.2.2).  

4.3.4 Data analysis 

Minitab (Version 17, Minitab Inc.) was used to calculate statistical significance using a 

student t-test. The p value for significance was set at 0.05. Image analysis software, ImageJ 

(Version 1.47, National Institutes of Health, USA), was used to measure the intensity of the 

fluorescent signal of the confocal images.  
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4.4 Results and discussion 

4.4.1 Primary dermal human fibroblasts 

Primary human dermal fibroblasts were used for these in vitro experiments to determine the 

cellular uptake of niosomes, as they are the closest representation of the in vivo cells in the 

skin. The in vitro were used to plan and execute ex vivo and in vivo studies. Primarily the in 

vitro results needed to determine toxicity and identify working concentrations of cationic and 

non-ionic niosomes for cellular uptake. These would first need an understanding of the 

growth rates of the cells to identify the exponential growth phase for experiments. 

4.4.1.1 Cell growth and viability in the presence of niosomes 

The HDFa cells were counted over a period of 7 days with results plotted against time 

(Figure 4.2, proving a growth curve). The cell growth rate data did not fit the exponential 

model, which describes the growth with a constant doubling time.  A lag phase exists over 

the first day of seeding, possibly due to the cells conditioning and adjusting to the media. 

Thereafter was an exponential phase from 1 – 2 days followed by the stationary phase (3 – 7 

days) up to the final count. The doubling time was shorter (25.6 – 26.8 hours) earlier on in 

the growth cycle and longer (33.8 - 46.3 hours) as time progressed. Pictures were taken of the 

star-shaped HDFa cells over the growth period (Figure 4.1 B, C and D). 

It takes 5-7 days for the cells to become fully confluent with the current seeding density. 

Fully confluent cells were counted at 248,000 ± 6245 cells per well (Table 4.1). Similar 

growth rates and doubling times have been recently reported by Allabakshian-Farsani et al. 

for HDF cells in passage numbers between 5 and 7 (323). They too saw confluency after 5 

days using similar methodology.  

 



T r a f f i c k i n g | 115 

 

 

Figure 4.2 HDFa cell growth profile and morphology: (A) 7 day growth profile, (B) early 

seeded cells, (C) three day growth and (D), 5 day growth showing near confluent cells. (Data 

are means ± SD, n=3 from three individual experiments). 

 

Table 4.1 Doubling time of HDFa cells cultured in a 6-well plate with three replicates. Data 

are means ± SD, n=3 from three individual experiments. 

Day Cells per well Doubling time (hours) 

0 31667 ± 3512 

 1 56667 ± 4509 26.8 

2 106000 ± 9165 25.6 

3 150333 ± 7024 33.8 

4 189333 ± 5132 38.1 

5 222000 ± 7810 40.9 

6 239333 ± 4163 44.5 

7 248000 ± 6245 46.3 
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At the beginning of the growth cycle (Figure 4.2 A) the cells are large and can be easily 

distinguished from each other. As time progresses (Figure 4.1 B and C) the cells multiply in 

number, are smaller and cannot be individually distinguished. Following the growth rate 

determination, the viability of the cells to exposure of differing niosomes and concentrations 

were examined using an MTT assay. A seeding density of 1x10
5
 cells per well was chosen 

and the cell number after 48 hours was expected to be doubled and further growth for 24 hour 

(exposure to niosomes) should be close to linear. An image was also included showing the 

insoluble formazan which needed to be dissolved in DMSO during the toxicity studies 

(Figure 4.3 B). 

 

 

 

Figure 4.3 Comparison of cells before (A) and after (B) addition of MTT showing insoluble 

formazan before adding DMSO. 

 

Cationic and non-ionic niosomes containing GHK-Cu and a GHK-Cu solution were 

investigated for toxicity to HDFa cells.  Only positively charge niosomes, with 10
-7

 M GHK-

Cu caused significant mortality in fibroblasts (Figure 4.4). At the concentrations tested none 

of the non-ionic niosomes or the GHK-Cu solutions affected the survivability of fibroblasts. 

The concentration was calculated from the entrapped peptide concentration with an 

equivalent lipid concentration of 10
-8

 mg mL
-1

. This meant that at higher concentrations, 

more cationic niosomes existed in suspension. Positively charged vesicles have previously 

been shown to decrease viability in cell lines (332). The cytotoxic effect is associated with 

(A) (B) 
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the hydrophilic headgroup. The headgroup, often consisting of a primary, secondary, tertiary 

or quaternary ammonium, interacts with critical enzymes such as protein kinase C (333). 

Protein kinase C is indispensable for transmitting extracellular information signals from the 

cell surface to the interior and therefore controls cellular function and proliferation (334). 

Toxicity may therefore result from the interference with the membrane and consequent 

integrity of the cell. 

 

Figure 4.4 The effect of various molar concentrations of GHK-Cu solutions, non-ionic 

niosomes and cationic niosomes on the viability of HDFa cells in culture. Data are means ± 

SD, n=3 from three individual experiments. Conditions are placed in increasing concentration 

(10
-11

, 10
-9

 and 10
-7

 M respectively). Blank niosomes were incubated at 10
-9

 M. ** p<0.01 

compared with control (PBS) or blank niosomes. 
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4.4.1.2 Cellular uptake 

It has been hypothesized that cationic lipid containing vesicles are internalized into cells by 

endocytosis. The release of GHK-Cu from the niosomes would therefore take place after 

uptake in lysosomes. The contents of which would be directly released into the cytoplasm 

after destabilization of the lysosome membrane by the constituent surfactants. Whilst the 

induction of apoptosis is certainly a possibility it is highly dependent on cell type (335) and 

proteoglycan distribution in the membrane (336). To investigate the intracellular transporting 

effect of niosomes with confocal microscopy concentrations that did not cause toxicity      

(10
-9

 M) were used in this study.  

Confocal images were taken of HDFa cells incubated with both cationic and non-ionic 

niosomes containing calcein (10
-9

 M) to compare the efficiency of intracellular delivery. 

Another aim was to identify a possible pathway of internalization. The calcein containing 

niosomes were first imaged separately and then incubated to visualize uptake (Figure 4.5).  

To eliminate the possible effect from niosome components, empty niosomes (without 

incubation with cells, without calcein) were viewed to determine the confocal microscope 

setup.  

Untreated cells do not fluoresce after excitation with a 473 nm laser (green). In contrast, 

distinct round green dots can be seen in the cultured primary human dermal fibroblasts 

exposed to calcein containing niosomes (Figure 4.5). Fusion of the niosomes with the 

external membrane would result in an even distribution of calcein within the cell rather than 

the distinct vesicles seen. These images therefore display evidence of endocytosis of both 

niosome types. ImageJ analysis of the two confocal images (Figure 4.5) indicated that there 

was a slight increase in the intensity of the cationic niosomes incubated cells (83 versus 79). 

This analysis is highly dependent on the area selected and therefore is not representative of 

the population. This analysis is also dependent on the depth, field of view and confocal laser 

intensity. Although these were kept as similar as possible, some difference does exist 

especially in regards to depth of view. What these images do show conclusively is that there 

was internalization taking place as a result of the application of the calcein entrapped 

niosomes. 
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Figure 4.5 (A) Incubation of calcein containing niosomes with HDFa cells. Magnified view of HDFa 

confocal images of cationic (B) and non-ionic (C) niosome treated cells with ImageJ analysis. 

Scalebar is indicitive of 50 µm. Darker spots in B and C show the position of the nucleus in the cell. 
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In this study hydrophilic calcein was chosen as a model compound as it fluoresces and like 

GHK-Cu, would be entrapped in the aqueous niosomal cores. Hence after incubation with 

cells the fluorescence viewed under CLSM was a reflection of internalization of the 

niosomes. 

4.4.1.3 Intracellular trafficking of niosomes and kinetics 

To investigate the intercellular trafficking after internalization, TEM micrographs were taken 

of HDFa cells in order to image the size, shape and formation of endocytic vesicles. All TEM 

images were taken of cells during various treatments during this study and not taken from 

previously published studies. 

A number of common intracellular organelles could be seen in the TEM images throughout 

this chapter. These were identified using an untreated cell as reference (Figure 4.6):  The 

nucleolus of the cell is the largest structure in the nucleus and serves as the site for ribosome 

synthesis. Individual ribosomes can be seen as dark areas along the rough endoplasmic 

reticulum border. Ribosomes are the primary site for protein synthesis and therefore an 

increased protein formation has been shown to be directly correlated to high ribosome 

formation (337). 

Secondly, TEM images show that inside the cytosol of treated cell it was common to find 

lysosomes seen as the darker ovoid shape in the TEM image. Lysosomes contain enzymes 

and maintain an acidic pH which breakdown unwanted material from both the outside and 

inside of the cell. Enzymes are produced in the rough endoplasmic reticulum (338), and are 

released by the Golgi apparatus in small vesicles called endosomes, which fuse and become 

lysosomes. Lysosomes are associated with phagocytosis, autophagy and endocytosis (Figure 

4.7). Extracellular material taken up by endocytosis fuses with lysosomes and is broken down 

into basic molecules. This process begins at the cell membrane and is known as 

internalization covering clathrin-mediated, caveolae-mediated, clathrin and caveolae 

independent, phagocytosis and macropinocytosis pathways.  
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Figure 4.6 Labelled intracellular structures of untreated HDFa cell commonly found in the 

TEM images: (1) nucleolus, (2) nucleus, (3) rough endoplasmic reticulum, (4) cytosol of the 

cell, (5) lysosome and (6) the cell membrane.  

 

It has been suggested that the internalization of cationic lipid complexes is by clathrin-

mediated endocytosis (CME) (315, 316).  This is triggered by the binding of surfactant 

vesicles non-specifically to clustered cellular receptors (339). Niosomes are formed from 

lipids in much the same way as liposomes in these studies and therefore should theoretically 

follow a similar route of cellular entry. This was confirmed in a study by Marzio et al. (339), 

however, it is size dependent. Particles of  <200 nm enter almost exclusively by CME (240-

242), whist caveolae-mediated internalization was predominant in particles of 500 nm and 

greater. The cationic and non-ionic niosomes used in the confocal study fall into the former 

category.  

During CME, internalized cargo is sorted either into early endosomes and finally lysosomes 

for degradation or back to the cell surface (recycling) (242). The first step of internalisation 

through CME is the binding of a cell surface receptor (Figure 4.7). Clustering of ligand 
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complexes takes place within the coated pit formed by the assembly of clathrin. These pits 

then invaginate and pinch off forming intracellular clathrin-coated vesicles (CVV). The 

CVV’s depolymerise forming early endosomes, which fuse with each other becoming late 

endosomes and eventually lysosomes. Caveolae mediated endocytosis on the other hand does 

not result in lysosome formation (340, 341). 

 

Figure 4.7 Routes of internalization of nano-particles in a cell, modified from Khalil et al. 

(342). 
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The process of endocytosis and eventual lysosome formation was imaged by TEM in this 

study (Figure 4.8). In Figure 4.8 the formation of a clathrin coated pit is imaged. These pits 

were taken into the cell and fused with others forming early endosomes. These endosomes 

were imaged in various transformation stages (receptosome and early lysosome) culminating 

in lysosome formation.  These findings are similar to those presented in a study by Friend et 

al. on cationic liposomes (316). CME vesicles have a reported upper limit of 200 nm (242), 

however, there are exceptions in that CME has been confirmed in liposomes between 293 and 

301 nm in diameter (339).  

 

 

Figure 4.8 The proposed internalization and intracellular trafficking of cationic niosomes by 

clathrin-mediated endocytosis leading to eventual lysosome formation. Images are taken from 

observations during this study and time is estimated from (343). 
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Niosomes in this study were 225.7 ± 7.6 nm in diameter, which falls below that of the 

previously confirmed liposomes. These micrographs, combined with the confocal images, 

provided strong evidence for CME of GHK-Cu containing niosomes. Lysosome formation 

excludes the possibility of caveolae mediated endocytosis delivery as the primary 

intracellular delivery pathway for cationic/non-ionic niosomes in this study. Peptides trapped 

in endosomes eventually breakdown in the lysosomes. The escape of the peptides to ensure 

biological activity is paramount. The release mechanism of which might be either by 

destabilization or rupture. 

Dermal delivery of niosome encapsulated products is largely through the resulting disruption 

of skin lipids by surfactant molecules (25). These molecules are also thought to disorder the 

liquid crystal structures of lipid bilayers and destabilizing cell membranes (344). Similar 

disruption takes place in endosomes, which allows for both the cationic and non-ionic 

niosomal delivery of entrapped cargo.  

In a paper by Huang et al. it was demonstrated that non-ionic niosomes, composed of Span 

and dimethylaminoethane-carbomoyl-cholesterol, destabilises but does not cause the rupture 

of endosomal membranes (344). The escape of the entrapped peptide from the cationic 

niosomes is however either by destabilization of the endosome membrane, as proposed by 

Harashima et al. for cationic liposomes (318), or endosomolysis (345). TEM micrographs 

did show complete and plentiful lysosome formation in both charged and uncharged 

niosomes treated cells (Figure 4.9), which supports endosomal destabilization but not 

complete rupture. Furthermore, it has been previously reported that cationic lipids are 

protonated at intralysosomal acidic pH (pH 5.9 in early endosomes and pH 5 in lysosomes) 

which leads to endosomal destabilization (346) and consequential content release into the 

cytosol. Protonation is the gaining of a proton (H
+
).  The pKa of ammonium is 9.25.  DDAB 

contains an ammonium moiety which will therefore protonate at the low pH (pH 5.9 - 5) 

found in endosomes and lysosomes. This further supports the findings in the micrographs 

towards endosomal destabilization for both non-ionic and cationic niosomes.  

Lysosomes were observed in all treated cells (Figure 4.9). More lysosomes however were 

seen in cells treated with niosomes, indicating the increased effectiveness of intracellular 

delivery using this carrier delivery system. Furthermore, there were a larger number of 

lysosomes in cells treated with cationic niosomes than non-ionic niosomes. This finding 

suggests that there was more uptake of cationic niosomes over their counterparts. This might 
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be in part due to the combination of non-specific surfactant binding and interactions with 

negatively charged membrane components including sialic acid (148), phospholipidic acid 

(149) or heparin sulphate (150), followed by increased cellular internalization.   

 

 

Figure 4.9 Complete formation of lysosomes in HDFa cells treated with (A) cationic GHK-

Cu niosomes, (B) non-ionic GHK-Cu niosomes, (C) empty niosomes and (D) a GHK-Cu 

solution after incubation for 4 hours. This excludes a formerly proposed mechanism of 

endosomolysis delivery and supports an endosomal destabilization intracellular delivery. 

 

In combination the information from the size, charge, TEM and confocal images suggest the 

internalization of the cationic and non-ionic Span 60 niosomes follow a CME pathway. The 

release of GHK-Cu from the niosomes is likely by destabilization of the endosome membrane 

through the synergistic action of both the cationic lipids and surfactant molecules in niosomal 

membranes. This hypothesis however, requires further studies for confirmation. To prove the 
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CME mechanism, a clathrin inhibitor might be used (347).  In the paper by Smith at al. the 

use of a small molecule inhibitor of the clathrin terminal domain, such as Pitstop 2, inhibits 

clathrin-mediated endocytosis. If this were done, niosomes with entrapped calcein could then 

be imaged again after incubation in the same manner as Section 4.3.2.2. If there was no green 

seen within the cells, then it was mainly by CME that the niosomes entered. Alternatively, as 

none of the uptake pathways is mutually exclusive (348), uptake might be by caveolae-

mediated endocytosis. The decreased lysosome formation (348) might in fact result in an 

increase in calcein uptake as there will be less degradation.   

4.4.1.4 Copper content within cells 

To examine the copper content of cells following internalization of niosomes, SEM combined 

with EDAX was used. In general, the images under SEM were not as detailed as those from 

the TEM images, primarily because of the beam strength. In this study TEM images were 

taken with a 400 kV beam whilst SEM was only 20 kV. This equates to less electrons being 

directed towards the sample and thus, less returned and a lower resolution image being 

produced. 

HDFa cells incubated with cationic and non-ionic GHK-Cu niosomes were compared with 

untreated (control) HDFa cells. This would provide information on the effectiveness of GHK-

Cu delivery rate into cells. The three areas of interest were (1) resin without cells, (2) 

lysosomes within cells, (3) plastic coverslip (Figure 4.10). These areas provided a 

comparison of composition between the resin, plastic and cell.  

The four elements that were expected were carbon (C), oxygen (O), platinum (Pt) and 

osmium (Os) from the osmium tetroxide stain used during TEM processing. The amount of 

copper could not be accurately quantified. The cells were treated with niosomes containing 

10
-9 

M GHK-Cu. Whilst this concentration of copper was high enough to elicit a cellular 

response it was too small for the EDAX to accurately measure. With decreasing 

concentration, statistical errors in background corrections become dominant.  Hence this was 

no more evident than in the comparison between the compositions of the resin versus the 

coverslip. Similarly statistically insignificant, inaccurate quantification was seen in other 

samples (Figures 7.1/7.2/7.3 – Appendix). 
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Figure 4.10 Elemental analysis of three different regions on the SEM slide (A) Comparison 

between resin, plastic coverslip and lysosome. (B) The elemental analysis by EDAX of the 

three regions of interest. Cells treated with cationic niosomes with 10
-9

M GHK-Cu. 

 

(A) 

 

 

 

 

 

 

 

 

 

(B) 
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In summary, the results from all sources of the EDAX experiments could not definitively 

answer whether one delivery system delivered more GHK-Cu into the cells than another. The 

error in measuring the copper content was primarily responsible for this. One of the reasons 

for the low copper detection was the incubated concentration (1 nM, 10
-9

 M). Incubation of a 

higher concentration, particularly in the case of cationic niosomes, would cause cell death 

(Section 4.4.1.1) and provide unreliable results. Another possible way of measuring the 

uptake percentage would be to use another entrapped material, such as gold (349), which is 

also picked up by EDAX analysis (350). This may alter the size of the niosomes however and 

perhaps even the stability. This would in turn affect the uptake and provide results that 

wouldn’t necessarily correlate to those of GHK-Cu. Gold labelled particles would however 

provide clearer identification of niosomes in TEM images as the gold can be easily 

distinguished from the surrounding cytosol and organelles (351). Other published studies 

were able to measure the copper content within lysosomes using a similar method (352, 353), 

however, the equipment used in these studies was more powerful (80 kV) and perhaps 

contributed to the accuracy of the measurements. 
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4.4.2 Ex vivo human skin 

4.4.2.1 Evaluation of integrity 

Mean electrical resistance values were 6.58 ± 0.67 kΩ cm
2
 over the 9 skin samples used for 

confocal work. The deviation points to a similar resistance over all the skin samples prepared. 

All excised skin met or exceeded the cut-off criteria of the resistance indicating the ex vivo 

skin was intact.  

4.4.2.2 Permeation study 

Confocal laser scanning microscopy has been used extensively to visualize the intensity of 

hydrophilic and lipophilic markers in the skin. The major advantage of CLSM is that 

visualization without cryo-fixing is possible (354). The objective was to visualise the effects 

of non-ionic and cationic vesicle delivery on human skin. The CLSM technique was chosen 

as it avoids chemical fixation, dehydration and infiltration with embedding media which 

would likely produce artefacts (355). This technique also avoided tissue damage caused by 

cutting. No ultrastructure changes were evident in any of the images.  

However, in the case of skin penetration studies with calcein containing niosomes, CLSM 

does not necessarily provide information about the permeation of the entire niosome. Instead, 

CLSM can only provide evidence about the localization of the fluorescent label (354). 

The first ex vivo skin was imaged after fixing with formaldehyde and cryo-sectioning. This 

was found to produce auto fluorescence at the same wavelength as calcein (Figure 4.11). In 

contrast, it was found that imaging fresh unfixed skin provided better results and if data was 

collected from the apical surface inwards (imaged vertically).  In this way the ex vivo human 

skin, only gave out fluoresce after excitation with a 473 nm laser when calcein was 

encapsulated into the cores of niosomes (Figure 4.12). Therefore, this setting was adopted in 

the permeability study. 
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Figure 4.11 Auto fluorescence in skin fixed using formaldehyde under confocal microscopy. 

(A) Combined view, (B) wavelength 473 nm and (C) wavelength 559 nm. 

      (A)     (B)    (C) 
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Figure 4.12 Confocal microscopic imagery of permeation of calcein past the epidermis can 

only be seen with samples using niosomes as a delivery system. 

 

The confocal images of the human skin, vertically placed, showed that the niosomes 

permeated deeper and deposited into the skin to a greater extent compared to the free calcein 

solution (Figure 4.12). The calcein solution did not permeate into or past the epidermis. This 

confirmed that the skin was intact and also that charged hydrophilic compounds do not 

readily cross the stratum corneum. The green bands were more pronounced in the furrows of 

the skin possibly indicating that the niosomes, in suspension, were settling over the 4 hour 
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exposure period. No fluorescence was detected in untreated samples therefore concluding 

that the green light detected was generated by calcein only. 

The fluorescence intensity between the two niosome types could not be accurately quantified, 

however more adsorption was evident in cationic niosome treated skin. The quantification 

was affected by exposure time, intensity of laser and previous exposure to light during 

preparation. Whilst these parameters were controlled they cannot be exactly duplicated. For 

this reason the actual biological effect was explored (Chapter 5) in order to provide 

quantitative results for the two delivery systems. Figure 4.13 does however indicate that the 

niosomes allow for the delivery of the hydrophilic marker across the stratum corneum and 

into the epidermis. It is expected from these images that delivery of GHK-Cu would be 

performed in the same way. Deeper observation was not possible as artefacts became evident. 

Bowstra et al. confirmed using CLSM, carboxyfluorescein in non-ionic surfactant vesicles, 

that intact vesicles can be viewed as dots under parallel imaging such as Figure 4.12 (355). In 

the same study the hexagonal cells of the stratum corneum were visible. A different slide 

from Figure 4.12 can be enlarged to see similar results Figure 4.14. In Figure 4.14 the 

hexagonal cells can be clearly seen as a result of the distribution and uptake of niosomal 

calcein (seen in both niosomal formulations). There are more pronounced green bands around 

the cells indicating that the niosomes have localised on the cell surface after washing. Deeper 

diffuse green labelling might be associated with the niosomes merging with stratum corneum 

lipid layers, however this cannot be confirmed as resolution is lost in the Z plane when 

looking into tissue (355). This does however emphasize the importance of adsorption of 

vesicles onto the surface of the skin as a high thermodynamic activity gradient, which drives 

permeation into the dermis, is created as a result. 

These findings reiterate the need for quantitative measurements (Chapter 5) of the biological 

effects of niosomes on skin. The results in this section highlight the effectiveness of the 

niosomes in the trans-epidermal delivery of calcein and consequently in theory, GHK-Cu.  
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Figure 4.13 3D contour and permeation of different calcein-containing niosomes into ex vivo 

human skin: (A) cationic niosomes and (B) non-ionic niosomes.  

(A) 

 

 

 

 

 

 

 

 

 

(B) 
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Figure 4.14 Hexagonal stratum corneum cells visualized under 473 nm after treatment with 

Cationic niosomes containing calcein. 

 

Unfortunately in Figure 4.13 the cationic 3D image is not as visually striking as that of the 

non-ionic niosomes. During the preparation of these 3D images over 150 individual images 

are taken at various depths. These are then recombined at a later date into the resulting 3D 

contour. At the time of preparation the depth settings for the cationic and non-ionic were the 

same. The starting depth however, should have been lower in the case of the cationic 3D 

image. Without the availability of further human skin samples, it was not possible to 

reproduce another combined image.  

A possibility drawn from the adsorption of the cationic niosomes onto the skin might be that 

the cationic niosomes do not penetrate but rather remain on the surface. Clear evidence was 

not provided in the 3D CLSM images to confidently state whether cationic penetrated or 

remain adsorbed to the surface. Findings in literature however corroborate cationic niosome 

penetration. In 2009, Shanmugam et al. prepared cationic liposomes (309 ± 43 nm, 35.67 ± 

3.01 mV), similar to niosomes in this current study in both size and Zeta potential, and 

examined the steady state flux and cumulative amount in mice skin (314).  Steady state flux 

for anionic and cationic liposomes was 0.55 ± 0.02 and 0.75 ± 0.01 µg cm
-2

 h
-1

 whilst the 

cumulative amounts were 10.34 ± 1.52 and 13.85 ± 1.39 µg cm
-2

 respectively. Manosroi et 

al. prepared cationic and non-ionic niosomes and investigated the flux and transdermal 

absorption through rat skin in Franz diffusion cells over a 6 hour period (356). Fluxes for 

non-ionic and cationic niosomes were 0.017 ± 0.01 and 0.022 ± 0.00 µg cm
-2

 h
-1

 respectively. 

Only the marker, pMEL34, entrapped in cationic niosomes was found in the receiver 

solution. Manosroi et al. published similar results for another plasmid, pLuc through rat skin 
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(357). These studies demonstrate that cationic niosomes, particularly from this present study, 

can penetrate into the skin and not merely adsorb onto the apical surface. Ideally, repeated 

CLSM images of the cationic niosomes upon topical application would provide the evidence 

required to answer this question fully. 

 

4.5 Conclusion 

In the present chapter, both cationic and non-ionic GHK-Cu entrapped niosomes capable of 

intracellular (Figure 4.4) and cutaneous transfer (Figure 4.13) were examined. Cationic 

niosomes were found to be toxic in concentrations above 1 nM (10
-9

 M) whilst GHK-Cu in 

non-ionic niosomes and solutions did not affect the growth or survivability of HDFa cells 

(between 10
-11

 and 10
-7

 M). Confidently, increasing the concentration of cationic charge led 

to decreased viability of HDFa cells.  

CLSM showed enhanced cellular uptake of both niosome formulations using calcein as a 

model drug for GHK-Cu and a fluorescent marker, within HDFa cells. The mechanism, later 

supported by TEM micrographs, size analysis and charge, is clathrin-mediated endocytosis 

(CME). This was supported by the presence of lysosomes in all treated cells and conditions 

imaged. Moreover, an increased number of lysosomes were observed in cells treated with 

niosomes, particularly the cationic niosomes, indicating their increased effectiveness of 

intracellular delivery for hydrophilic peptides entrapped in carriers compared to the 

application of a solution itself. GHK-Cu encapsulated in the niosomes was hypothesized to 

enter the cells via CME followed by release via endosomal destabilization resulting from a 

potential cationic lipid and surfactant endosomal interaction. However, the quantification of 

the GHK-Cu concentrations delivered into cells could not be correctly ascertained using 

EDAX, primarily due to a combination of the low amount of GHK-Cu incubated with cells 

and therefore below the threshold of accurate quantification. 

In the permeability study using ex vivo human skin with full thickness, both cationic and non-

ionic niosomes were able to deliver hydrophilic calcein across the stratum corneum whilst the 

solution did not permeate. The niosomes, particularly in the case of cationic niosomes, also 

caused adsorption onto the surface, which is critical in forming a long-lasting thermodynamic 

activity gradient, which drives permeation into the dermis. 
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In summary, both cationic and non-ionic niosomal formulations showed a strong potential to 

deliver the entrapped content into cells and across the stratum corneum and therefore might 

act as a dermal delivery system for GHK-Cu. In the following chapter we address the 

biological effect and influence of charge on any outcome. 
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5 Biological effect of cationic and non-ionic niosomes in 

vitro, ex vivo and in vivo 

5.1 Introduction  

In previous chapters both cationic and non-ionic niosomes, with entrapped GHK-Cu, were 

developed (Chapter 3) and dermal delivery and cellular trafficking investigated (Chapter 4). 

Results indicated niosomes can improve both intracellular and dermal delivery. This chapter 

focuses on the biological effect of these niosomes with a particular interest in the influence of 

the charge of the carriers. 

GHK-Cu functions as an activator of tissue remodelling (84) by increasing secretion of 

matrix metalloproteinase-2 (MMP-2) in cultured fibroblasts and a number of tissue inhibiting 

metalloproteinases (TIMP-1 and TIMP-2) (79). It was also found that MMP-1 expression 

increased in fibroblasts cultures upon exposure to copper, a significant active component of 

GHK-Cu (86). MMP-1, 8 and 13 degrade mainly fibrillar collagens whilst gelatinases MMP-

2 and 9, act on type IV collagen on the basement membrane and elastin (more information 

found in Section 1.6.2).  

Increased expression and regulation of MMPs signifies a typical heightened inflammatory 

response (91) requiring a delicate balance achieved through inhibitory prosesses. 

Overexpression of these proteinases leads to an increase in proteolytic activity and the 

inhibition of MMPs results in decreased degradation of extracellular matrix (ECM) 

components.  A delicate balance, therefore, exists between overexpression of MMPs and the 

ability of the body to heal itself. This balance is brought about by TIMPs. Tissue inhibitors of 

metalloproteinases tightly control MMP activities by modulating their substrate degradation 

and activation thereby controlling the breakdown and resynthesis of the ECM. TIMP, with a 

wedge-like structure, slots into the active site of the MMP protein in competitive inhibition 

with other substrates (358). An irreversible non-covalent bond is formed on the catalytic site 

between TIMP and MMP, controlling activation and activity (359).  

Simeon et al. measured the in vitro activity of GHK-Cu through the expression of MMP-2, 

TIMP-1 and TIMP-2 (79) on rat fibroblasts. These markers can be measured through real 

time quantitative polymerase chain reaction (RT-qPCR). The analysis requires the RNA to be 

extracted, then subsequently, synthesized complimentary DNA (cDNA) to be measured 
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(360). RNA has three subtypes namely mRNA, tRNA and rRNA, which are named for their 

different roles in translation. 

Furthermore, GHK-Cu has been shown to increase collagen production in human fibroblast 

cultures (80) and to increase both collagen and elastin in rat wounds following direct 

injection (82). The effect of the niosome delivery systems on the production of elastin and 

collagen in vitro was therefore investigated as a measure of the biological activities for anti-

ageing purposes.  

In this study selected mRNAs produced prior to protein synthesis were measured as markers 

for the biological response to GHK-Cu exposure (Figure 5.1). Four biological markers 

(MMP-1, MMP-2, TIMP-1 and TIMP-2) were chosen and measured both in vitro, using 

confluent HDFa cultures, and ex vivo in viable human skin following exposure to the 

niosomes formulations. Elastin and collagen production, following direct application of 

various formulations and concentrations of GHK-Cu, were measured, and correlated with 

MMP and TIMP levels. This Chapter also evaluated the effect of GHK-Cu on skin in human 

participants using wrinkle depth and volume measurements as a marker of activity. The 

clinical trial, involving 40 participants, compared both a cationic niosome GHK-Cu serum 

and a competitor product containing a lipophilic GHK derivative, Palmitoyl-GHK, 

(Matrixyl
®
 3000) (Section 1.7.2).  
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Figure 5.1 Schematic of MMP and TIMP mRNA expression, collagen and elastin synthesis 

following GHK-Cu application. 

 

5.2 Chapter aim 

The aim of this chapter was to evaluate whether the biological effect of GHK-Cu can be 

improved through niosomal delivery, particularly with cationic niosomes, by measuring 

selected proteases and inhibitors (MMP-1, MMP-2, TIMP-1 and TIMP-2) in cultured HDFa 

cells and ex vivo skin. The effect of niosomal delivery of GKH-Cu on collagen and elastin 

was also examined as a measure of anti-ageing effects. The in vivo effect of topical 

application of cationic niosomes, proven to be the best formulation in vitro and ex vivo, was 

measured by changes in wrinkle depth and volume in human participants. The lipophilic 

GHK derivative, Matrixyl
®

 3000, was used a reference and the vehicle of cationic GHK-Cu 

as a control. The specific objectives were to: 

1) Compare the expression of MMP-1, MMP-2, TIMP-1 and TIMP-2 genes in cultured 

HDFa cells after treatment with different GHK-Cu formulations. mRNA was firstly 
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extracted and used to produce cDNA for analysis (360) using PCR, NanoDrop and 

Agarose gel experiments.   

2) Measure the collagen and elastin production of human dermal fibroblasts cells in 

culture upon GHK-Cu exposure to different formulations. 

3) Determine the expression of MMP-1, MMP-2, TIMP-1 and TIMP-2 genes in viable 

ex vivo human skin after exposure to GHK-Cu formulations. mRNA would be firstly 

extracted and used to produce cDNA for analysis. 

4) Measure in vivo wrinkle depth and volume reduction as a result of the collagen, 

elastin and glycosaminoglycan production in the skin following topical GHK-Cu with 

Matrixyl
®
 3000 as a reference.  

5.3 Materials and methods 

5.3.1 Materials 

Fastin elastin assay kit F2000 and Sircol collagen assay kit S1000 were purchased from 

Biocolor (Carrickfergus, Ireland). All Taqman Gene Expression Assay kits, reagents and 18S 

housekeeper gene were purchased from Applied Biosystems (Life Technologies, Auckland, 

New Zealand). SuperScript complimentary DNA Synthesis kit was purchased from Life 

Technologies (Auckland, New Zealand). Reagents for agarose preparation (SeaKem LE 

agarose) were purchased from Lonza (Auckland, New Zealand). RNA was extracted from 

cultures and human skin with a PureLink RNA mini kit, from Invitrogen Life Technologies 

(Auckland, New Zealand). HDFa cells and skin samples are described in Chapter 4. 

Formulations prepared are described in Chapter 3.  

5.3.2 Primary human dermal fibroblasts studies 

5.3.2.1 Effect of GHK-Cu on the gene expression of MMPs and TIMPs 

To investigate the effect of GHK-Cu on the cell expression of MMPs and TIMPs as a result 

of intracellular delivery of GHK-Cu. HDFa cells were grown according to the protocol 

outlined in Section 4.3.2. 

Fibroblasts were seeded in 6-well growth plates (75cm
2
) at a density of 30000 cells per well. 

Cultures were incubated with 3 mL DMEM with 1.5% FBS for 24 hours before incubation 

with additional various concentrations of GHK-Cu solution or niosomes. The final 

concentration of GHK-Cu were 10
-11

, 10
-9

 and 10
-7

 M following literature (79). Cationic 

niosomes at 10
 -7

 M were excluded due to their previously demonstrated cell toxicity (Section 
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4.4.1). Control cell cultures were untreated and the additional volume of Milli-Q added 

(without the GHK-Cu or niosomes) at the same time as the treated cultures. Each condition 

was examined with three separate cell cultures with each culture being tested three times.  

The medium was then removed and the cells were processed for RNA extraction following 

incubation for 24 hours (Section 5.3.4). 

5.3.2.2 Cell culture RNA extraction 

RNA extraction was performed using a RNA extraction kit based on the manufacturer’s 

protocol.  Briefly, cells treated with GHK-Cu niosomes or solutions were washed with PBS 

three times. Cells were transferred to RNase-free tubes and centrifuged at 2000 x g for 5 

minutes to obtain a cell pellet. The supernatant was removed and 0.6 mL lysis buffer added 

along with 1% 2-mercaptoethanol and redispersed. 2-Mercaptoethanol reduces the disulfide 

bonds in ribonuclease irreversibly denaturing the protein and preventing RNA break down. 

RNA purification proceeded as per Section 5.3.4.1.  

5.3.2.3 Effect of GHK-Cu on collagen and elastin production  

All collagen and elastin experiments were conducted using 12-well plates (the effective 

surface area was 3.77 cm
2
 per well) with a seeding density of 1 x 10

5
 cells per well 

(according to provided supplier information). Once seeded the cells were allowed to settle for 

24 hours. Each vial contained 3 mL cell culture medium (Section 4.3.1) without bovine 

albumin. Bovine albumin adheres to the plastic Eppendorf tubes and binds with the Sircol 

dye reagent competing and preventing correct collagen measurement. After the initial settling 

period each well was supplemented with additional GHK-Cu solution (in Milli-Q water), 

GHK-Cu in cationic niosomes or GHK-Cu in neutral niosomes (10
-11

, 10
-9

 and 10
-7

 M). 

Treatments last 48 or 96 hours.  

5.3.2.4 Collagen and elastin measurement 

Elastin measurement 

Insoluble elastin is not found in the tissue culture medium but rather attached to cell 

membranes (361) where tropoelastin (TE) is held at the cell surface by elastin binding 

proteins. Here the TE is cross-linked by lysyl oxidase generating small clusters. The clusters 

continue to grow and reach an undetermined critical mass, are moved to the external face of 

the plasma membrane and bind to microfibrils. Mature elastin is formed after final cross-

linking of these microfibrils whereas mature elastin is insoluble and elastic. 
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After treatment cell medium was removed, cells were washed with pre-warmed PBS (37 °C) 

three times. Cells were then detached by incubating the cells with 250 µL of trypsin for 10 

minutes at 37 °C. The suspension was then transferred to a microcentrifuge tube and spun 

down to pellet at 3000 rpm. Approximately 300 µL of the supernatant was retained to dilute 

the oxalic added in the next step.  

A 1.0 M oxalic acid solution (100 µL from the Fastin assay kit) was added to the cell pellet 

(making a final concentration of 0.25 M oxalic acid solution) and heated to 100 °C for 1 hour 

to convert elastin to soluble α-elastin. A 200 µL sample was then taken and mixed with an 

equal volume of the supplied elastin precipitating reagent at 4 °C for 15 min. The mixture 

was centrifuged at 12,000 × g for 10 minutes to completely precipitate the elastin. All the 

supernatant was removed by tapping the inverted tube onto a paper towel. 

The provided dye regent (1 mL, as per manufacturer’s instructions) was then added to the 

precipitate and placed into a mechanical shaker for 90 minutes. This was centrifuged at 

12,000 × g and supernatant removed as previously stated. A 250 µL sample of the provided 

dye dissociation reagent was added to each vial and mixed with a vortex mixer, for 30 

seconds, three times before being transferred to a 96 well plate for reading at 513 nm. 

Reagent blanks (250 µL) including oxalic acid, PBS and water were placed into the 96 well 

plate as controls. Absorbance at 513 nm from these reagents was subtracted from the final 

readings of the sample providing an accurate reading of elastin only. Using the standard 

curve, the absorbance results were converted into a concentration. 

Collagen measurement 

Total soluble collagen content in cell lysates was measured using the Sircol soluble collagen 

assay kit as described by manufacturer’s protocol (362). 

To isolate the collagen, 1 mL of cell culture medium was placed into an 1.5 mL Eppendorf 

tube and mixed with a 200 µL aliquot of the provided isolation and concentration reagent 

(polyethylene glycol TRIS-HCl buffer, pH 7.6). The polyethylene glycol precipitates the 

collagen in the sample (363). This was mixed by vortex mixer for 30 seconds followed by 

incubation at 4 °C overnight to allow collagen to precipitate. The sample was then 

centrifuged at 12,000 × g for 10 minutes. Using a micropipette, the supernatant (1100 µL) 

was carefully removed and discarded, avoiding touching the bottom of the tube. The Sircol 

dye reagent, 1000 µL, was then added to the tube and mixed in a mechanical shaker for 30 
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minutes. This allows for a collagen-dye complex to form. These were then centrifuged at 

12,000 × g for 10 minutes and the contents drained carefully. The provided acid-salt wash 

(0.5 M acetic acid) was cooled to 4°C and 750 µL is added to the centrifuge tubes. This 

removes unbound dye. The tubes are centrifuged again at 12,000 × g for 10 minutes, contents 

emptied and 250 µL of 0.5 M sodium hydroxide added. This was mixed in a vortex mixer to 

dissolve the bound dye. The contents are transferred to a 96 well plate for absorbance 

measurement at 555 nm. Reagent blanks were also measured for absorbance. The 

concentration of collagen was then measured with the use of the absorbance standard curve. 

5.3.2.5 Standard curve preparation 

To determine the amount of elastin and collagen produced in the treated cells, standard 

curves were constructed: 

A standard curve for both collagen and α-elastin was developed from serial dilutions of a 

stock solution (1.0 mg mL
-1

) provided by the manufacturer (Biocolor, Carrickfergus, 

England). α-Elastin working solutions were 12.5, 25 and 50 µg mL
-1

 whilst that of collagen 

was 5, 10 and 15 µg mL
-1

. These working solutions were prepared in triplicate and 

absorbance was measured at 555 nm for collagen and 513 nm for α-elastin. The plot of 

absorbance versus concentration provided a standard curve following linear regression. 

5.3.3 Ex vivo human skin studies 

Human abdominal full thickness skin (not diseased) was obtained as cosmetic surgical waste 

from Auckland Hospital. Prior to use the hair and subcutaneous fat was removed by scalpel 

and scissors. Donors were men and women between the ages of 31 and 71 years. Ethics 

reference number: 010990. 

5.3.3.1 Skin storage and maintenance of viability 

Human skin was kept in a refrigerated saline solution and used within 1 hour post-surgery. 

Upon receipt the fatty tissue was removed from the skin with a scalpel, cut into 2cm × 2cm 

squares and then examined for integrity.  

5.3.3.2 Evaluation of integrity 

Skin was evaluated as per Section 4.3.3.1.  
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5.3.3.3 Effect of GHK-Cu on the expression of MMP and TIMP ex vivo 

Freshly excised human abdominal skin was prepared at per Section 5.3.3.1 and placed onto a 

Fran cell chamber. Post integrity testing, 1 mL of either GHK-Cu solution (GHK-Cu in 

isotonic PBS at 10
-11

, 10
-9

 and 10
-7

 M), GHK-Cu cationic niosomes (10
-11 

M and 10
-9

 M) and 

GHK-Cu non-ionic niosomes (10
-11

, 10
-9 

and 10
-7

 M) in isotonic PBS were placed on the 

apical surface. Cationic niosomes at 10
-7 

M was not tested as this concentration was 

previously shown to be cytotoxic (Chapter 4). After incubation at 32 °C for 24 hours, the skin 

was then removed and RNA extracted as described for HDFa cells. 

5.3.3.4 Skin RNA extraction  

Extraction was performed using a RNA extraction kit based on the manufacturer’s protocol.  

Briefly, a 25 mg section of previously treated (Section 5.3.3.3) skin was placed into a M-tube 

and into a GentleMACS dissociator (Pharmaco, Auckland, New Zealand) with 5 mL lysis 

buffer (from RNA extraction kit). This was run on program RNA_02 which caused lysis of 

the tissue and cells. The contents were then transferred to RNase-free tubes and centrifuged at 

2000 x g for 5 minutes. The supernatant was removed and the pellet was dispersed in a 1% 2-

mercaptoethanol solution. RNA purification proceeded as per Section 5.3.4.1. 

5.3.4 RNA purification and PCR 

5.3.4.1 RNA purification 

The RNA dispersion after extraction from cells or tissues was then homogenized (drawing in 

and out gently using a 27G needle and syringe 10 times) and a 70% ethanol solution was 

added to double the volume to 1.2 mL. Ethanol aids in the precipitation of nucleic acids. This 

mixture was centrifuged in spin cartridge tube and attached collection tube. It was washed 

twice with provided buffer to purify the RNA, which was eluted after the final wash with 

RNase-free water. The RNA was then analysed for quality and quantity. 

5.3.4.2 RNA quality and quantity assessment 

The assessment of RNA integrity can be performed by various methods; gel-electrophoresis, 

NanoDrop or with lab-on-chip technologies (electrophoretical separation on a micro-

fabricated chip) such as Bioanalyzer 2100 (Agilent Technologies, USA) and Experion (Bio-

Rad Laboratories, USA) (364). Among these methods the NanoDrop has the major advantage 

of requiring small sample size (1-2 μL) and was therefore chosen for this study.  

Confirmation of the quality was performed by Agarose gel electrophoresis. 
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NanoDrop 

Quantity and quality assessment was performed as multiple wavelengths (230 nm for 

background absorption, 260 nm for nucleic acids and 280 nm for proteins). On basis of the 

optical density ratio (260/280 and 260/230) the purity can be verified (364).  

Experimentally, aliquots of 2 µL of purified RNA sample (from above) were used for quality 

and quantity analysis. This sample was placed into the NanoDrop 1000 spectrophotometer 

(NanoDrop Technologies, USA) and the wavelength absorbance measured. Ratios of below 

1.8 (260/280) indicate the presence of proteins or phenols as the peak light absorption for 

these is between 260 nm and 280 nm (364). The 260/230 ratio is a secondary check of purity 

and should exceed 2.  

Agarose gel 

mRNA comprises only 1-3% of total RNA samples it is not readily detectable even with the 

most sensitive of methods. Ribosomal RNA, on the other hand, makes up >80% of total RNA 

samples, with the majority of that comprised by the 28S and 18S rRNA species (in 

mammalian systems). mRNA quality has historically been assessed by electrophoresis of 

total RNA followed by staining with ethidium bromide (365). Two bands of 28S and 18S in 

the samples are indicative of intact RNA of high quality (366). 

This method relies on the assumption that rRNA quality and quantity reflect that of the 

underlying mRNA population. Because mammalian 28S and 18S rRNAs are approximately 5 

kb and 2 kb in size they separate using electrophoresis. A ratio between the intensity of the 

28S band versus the 18S band of 2.0 or greater has long been considered the benchmark for 

intact RNA (367). This number is also referred to as the RNA integrity number (RIN).  

To prepare the gel substrate, 2.6 g of SeaKem LE agarose was dissolved in 65 ml tris-borate-

EDTA (TBE) buffer at 80 °C, placed onto the frame, and allowed to set for a minimum of 30 

minutes. Once set, the comb was removed and TBE buffer added to cover the gel completely. 

An aliquot of the PCR product (10 μL) was added to the wells along with 5 μL Blue Juice 

Loading Buffer. A 100V potential difference was placed across the gel and left for 60 

minutes. Following the wait time, the gel was stained with 100 ml TBE buffer containing 5 

μL of a 10 mg mL
-1

 ethidium bromide (EtBr) solution. After 15 minutes the EtBr was washed 

off with water and imaged using a GelDoc EZ Imager (Biorad Laboratories, Auckland, New 
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Zealand). The ratios between the 28S and 18S bands were calculated using software (Image 

Lab 5.0, Biorad Laboratories, Auckland, New Zealand).  

Following successful quality control the original sample (Section 5.3.2.2 or Section 5.3.3.4) 

was stored at -80 °C until its use with RT-qPCR (360). The first step in RT-qPCR is reverse 

transcription, the production of cDNA. 

5.3.4.3 Reverse transcription (cDNA synthesis) 

The extracted RNA was reverse transcribed using the SuperScript complimentary DNA 

(cDNA) Synthesis kit using the manufacturer’s protocol:   

Each transcription reaction used 2 µg of RNA to convert into cDNA in a 20 μL reaction 

volume. The reaction mixture composed of 14 μL of RNA free water to which was added 4 

μL of 5X VILOTM master mix (including random primers, MgCl2, and dNTPs in a RT-

qPCR buffer) and 2 μL of 10X SuperScript® Enzyme Mix (includes SuperScript III Reverse 

Transcriptase, RNaseOUTTM (Recombinant Ribonuclease Inhibitor), and a proprietary 

helper protein). To add a control for any potential genomic DNA retained after purification, 

negative reverse transcription (RT) samples were produced. Mixing RNA with 5XVILO 

master mix, in the absence of RT enzyme (SuperScript) would produce no cDNA template. 

The samples were incubated  in an Applied Biosystems Gene Amp PCR 9700 (10 min at 25 

°C, 120 min at 42 °C and 5 min at 85 °C) sequentially. Aliquots of 10 μL, containing cDNA, 

were diluted 1:10 with RNA-free water and stored as separate samples of 10 μL at -30 °C 

until further analysis. 

5.3.4.4 Real-time quantitative polymerase chain reaction  

To quantify cDNA produced from the above Section, real time quantitative polymerase chain 

reaction (RT-qPCR) was used (368, 369). RT-qPCR was performed with a predesigned mix 

(RTMIX) consisting of 5 μL Master Mix, 0.5 μL Gene Expression Assay (specific primer for 

MMP-1/MMP-2/TIMP-1/TIMP-2, listed in Table 5.2), 0.5 μL 18S (housekeeper gene), and 2 

μL of RNase-free water.  
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Table 5.1 Primer sequences for Taqman MMP/TIMP/18S probes (370-372). 

Genes Primer sequences  

MMP-1 Forward:  5′-AGCTAGCTCAGGATGACATTGATG-3′ 

 

Reverse: 5′- CCGATGGGCTGGACAGG-3′ 

  MMP-2 Forward: 5′- CGCTCAGATCCGTGGTGAG -3' 

 

Reverse: 5′- CATCAATCTTTTCCGGGAGCT-3' 

  TIMP-1 Forward: 5'-TGGTGTCCCCACGAACTTG-3' 

 

Reverse: 5'-CACCCACAGACGGCCTTC-3' 

  TIMP-2 Forward: 5′- TGTGACTTCATCGTGCCCTG-3′ 

 Reverse: 5′- TGTAGCACGGGATCATGGG-3′ 

  

18S Forward: 5′‐CGGCTACCA CATCCAAGGAA‐3′ 

  Reverse: 5′‐GCTGGAATTACC GCGGCT‐3′ 

 

 

The RTMIX (8 µl) was combined with 2 μL of cDNA sample (from the end result of the RT 

process, Section 5.3.4.3) and placed into a well on a 384-well MicroAmp® plate (Life 

technologies, Auckland, New Zealand) according to manufacturer’s instructions. Each cDNA 

sample was prepared in triplicate and each condition was measured 3 times in 3 separate 

biological samples. After loading all the samples the MicroAmp® plate was sealed and 

centrifuged for 1 minute at 2000 rpm. The plate was placed into a Sequence Detection 

System (Life technologies, Auckland, New Zealand) for DNA amplification.                         

6-Carboxyfluorescein (FAM) was used as the fluorophore for each Taqman gene expression 

probe whilst 4,7,2′-trichloro-7′-phenyl-6-carboxyfluorescein (VIC) was used for the 18S 

housekeeper gene (372). This allowed for the simultaneous quantification of each cDNA 

sample (multiplexing). Multiplexing provided an internal control and way to eliminate the 

effects of changing concentration in the samples. The amplification consisted of four-cycle 

stages: 50 °C for 2 minutes, 60 °C for 30 seconds, 95 °C for 10 minutes followed by 40 cycles 

of 95 °C for 15 seconds and 60 °C for 30 seconds. 

To calculate the relative gene expression the results from RT-qPCR were normalized using 

the 2
-∆∆Ct

 method (373). Briefly, the endpoint of any RT-qPCR reaction is given by the 

threshold cycle (Ct), where the fluorescence exceeds the threshold. This is determined from 

the logarithmic plot of the PCR signal versus the cycle number. The Ct is therefore not a 
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linear term but rather an exponential one. Converting the data into a linear form using this 

method more accurately depicts the variation between replicate reactions. The RT-qPCR 

samples were all run in multiplex mode making it possible to run the target and reference 

amplifications in the same well. Reactions taking place in the same well have the same 

amount of cDNA input, therefore the ∆Ct is calculated separately for each well and averaged 

before proceeding with further calculations. The resultant subtractions of the internal control 

and target gene Ct normalise the data (Gene ∆Ct - Control ∆Ct = ∆∆Ct). Therefore the results 

show the normalized fold change in expression between the control and incubated samples. 

5.3.5  Human clinical trial 

Snowberry New Zealand procured the services of Dermatest GmbH (Germany) to run a 

clinical trial on 40 volunteers (age from 40 to 65) over the course of 8 weeks. The purpose of 

this study was to examine the products for reduction of depth and volume of a single wrinkle 

in the eye area. This was examined before and after the period of application by means of 

optical 3D measurement. The test subjects could seek advice every day from the 

dermatologist present at the test about objective and subjective changes to their skin. Before 

the start of the application test, all the test subjects underwent a dermatological examination. 

Participants were placed into two treatment groups: (1) cationic niosome serum (N+ serum), 

serum containing Matrixyl
®
 3000 (PG) and (2) cationic niosome serum, placebo serum 

(vehicle, without GHK-Cu or niosomes). N+ serum was used twice daily by all participants 

on the right side of their facial areas, and either PG or placebo randomly allocated on the left 

side using the same protocol. Every test subject applied the N+ serum every day in the 

morning and the evening on the right side of the face and either the product PG or placebo on 

the left side of the face according to the same instructions. The participants were advised to 

use no other skin care products in the test area during the course of the test period.  

5.3.5.1 Measurement of wrinkle depth and volume 

The PRIMOS system (GF Messetechnik GmbH, Tetlow, Germany) was used as a three-

dimensional analytical instrument in this study. The principle of this instrument has been 

previously described by Jaspers et al. (374). Briefly, a digital stripe projection technique is 

used as an optical measurement process. A parallel stripe pattern is projected onto the skin 

over the wrinkle area and is depicted on the CCD chip of a digital camera connected to an 

evaluation computer.  
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The measurement head is then moved close to the immobilized head (Canfield Scientific Inc., 

Fairfield, NJ, U.S.A). The parallel projections are then distorted by the elevation differences 

on the skin and a three-dimensional effect is recorded. These distortions are therefore 

qualitative and quantitative measurements of the skin profile. They are digitized and 

quantitatively evaluated using software attached to the PRIMOS system. The measurement 

area is a 30 mm × 40 mm region located as closely as possible to the corner of the eye.  

A single largest wrinkle was measured for wrinkle depth and volume at 4 and 8 weeks after 

commencement (N+ serum, PG and placebo serum). The measurements after treatment were 

compared with the initial measurement at the beginning.     

5.3.5.2 Area identification and evaluation 

It is very difficult to make to visually match the same area of interest in two different images 

i.e. the current live image and the reference image. In order to remove this subjectivity, a 

methodical approach was adopted. In this approach five points are calculated in the reference 

image on the basis of distinctive structures and these points are shown with different coloured 

circles on the monitor of the PRIMOS device. The corresponding positions of these circles 

are shown simultaneously on the current live image as squares of the same colours. These 

circles are overlapped resulting in the precision positioning, within approximately 2 camera 

pixels, of the previous reading.  

5.3.6 Data analysis 

Minitab (Version 17, Minitab Inc.) was used to calculate statistical significance. The p value 

for significance was set at 0.05.  



B i o l o g i c a l  e f f e c t s | 150 

 

5.4 Results and discussion 

5.4.1 RNA quality and quantity 

All RNA samples used for analysis met or exceeded the purity criteria (260/280 ratio above 

1.8 and 260/230 above 2) and thus can be considered pure. The 260/280 ratio was 1.83 ± 0.34 

whilst the 260/230 was 2.12 ± 0.81 over all the samples examined. Absorbance ratios were 

measured by the NanoDrop (Figure 5.2). RNA samples that did not meet the cut-off criteria 

were excluded from further analysis. 

 

 

Figure 5.2 A representative NanoDrop RNA purity reading. 

 

Agarose gels were used in the electrophoresis of RNA samples to confirm the purity results 

from the NanoDrop and that there was no contamination. In Figure 5.3, good (lanes 5 through 

12) and poor (lanes 1 through 4 and 13,14) quality RNA is seen. The top lighter band is 28S 

RNA whilst the paler lower band is 18S RNA. The RNA integrity number for Lane 8 was 6.5 

whilst that of the poor quality sample (Lane 13) could not be determined. It is of interest to 

know that Lanes 5 -12 exceeded the NanoDrop quality criteria whilst those of 1 - 4 and 13 

did not.  
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Figure 5.3 RNA electrophoresis results showing good (Lanes 5 through 12) and poor RNA 

samples (Lanes 1-4 and 13-14). These samples are from cell culture experiments (Lanes 1-8) 

and human skin RNA extractions (Lane 9-14).  

 

5.4.2 Primary human dermal fibroblasts 

5.4.2.1 Effect of GHK-Cu on the gene expression of MMPs and TIMPs 

The 2
-∆∆Ct

 method was used to normalize the PCR data (373). The method can minimize the 

influence of the variation in RNA concentration on data generated from the real-time PCR 

experiments (373). Results from this normalization in expression between the control and 

incubated samples are found in Figure 5.4. The control in Figure 5.4, as a result of 

normalization, does not have error bars. 

The expression of metalloproteinases in human dermal fibroblasts was examined with similar 

concentrations of GHK-Cu solution with and without the niosome delivery system using 
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quantitative PCR. After 24 hours, the MMP-1 expression in the GHK-Cu solution treated cell 

lines showed a concentration dependency. The lower the concentration, the more MMP-1 

was observed. The same trend was observed for MMP-2, TIMP-1 and TIMP-2. Solutions at 

higher concentrations caused the reduction in TIMP-2 expression. The lowest solution 

concentration did not have a significant effect on TIMP-2 expression (p=0.31). Only lower 

concentrations were significantly different from the control over MMP-1 and MMP-2 

expression (p=0.03). These results differ from the expression study performed on rat 

fibroblasts (79), which indicated that the MMP-2 expression was highest at 10
-9

 M (in 

solution), and decreased with both decreasing or increasing GHK-Cu concentrations by 100 

times due to species variation. 

Trends in the fibroblasts treated with niosomes differed from solution. In all cases the non-

ionic and cationic niosomes produced a significantly greater expression of proteases and 

inhibitors compared to the solution at the same concentration (p<0.05) except at 10
-9

 M in 

TIMP-1 and MMP-2. Niosomes, both cationic and non-ionic, had a similar effect on the 

expression of MMP-2 and TIMP-2.  Simultaneous increases/decreases were seen in both 

MMP-2 and TIMP-2. Changes in MMP-2 and TIMP-2 expression with respect to the nearest 

concentration, on either side, were not significant (p>0.2). 

The expression of MMP-1 and TIMP-1 did not follow a similar profile as MMP-2 and TIMP-

2 expression. Whilst the expression profiles differ from the original study on rat fibroblasts, 

the outcomes are similar; GHK-Cu stimulates the expression of MMP-1, MMP-2 and TIMP-

1. This effect is most noticeable in concentrations smaller than 10
-9 

M. The expression of 

TIMP-2 however decreased in regards to the control in solution only. The cationic niosomes 

at 10
-9

 M produced the highest response over all the MMP and TIMPs examined, but was 

statistically insignificantly higher (P=0.45) compared to non-ionic niosomes. 
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Figure 5.4 Effect of GHK-Cu on the gene expression of MMP-1, MMP-2, TIMP-1 and 

TIMP-2 in HDFa culture after incubation for 24 hours. Data are means ± SD, n=3 from three 

individual experiments. * Denotes p>0.05 and not statistically different from the control, all 

other formulations were significantly different from the control.  

N+ = cationic niosomes, N0 = non-ionic niosomes and S = solution. Numbers express 

concentrations in M. 
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Free copper has been shown to increase the expression of MMP-1 in fibroblasts, whilst not 

altering TIMP-1 expression (86). This study indicates an increase in both the expression of 

MMP-1 and TIMP-1 when incubated with a niosomal suspension. Furthermore, a higher 

concentration of GHK-Cu in solution caused a decreased expression of MMP-1. If there was 

free copper associated with the GHK-Cu solution, then an increase would have been seen. 

Additionally, TIMP-1 expression was significantly increased eliminating the free copper as 

the causative agent. 

The differences observed in the gene expression between the solutions and niosomal 

formulations are likely due to the amounts of GHK-Cu being delivered into the cells. 

Normally GHK-Cu enters through a lysine chain cell receptor on the surface of the cell (78) 

therefore the rate can be limited. Delivery via niosomes, by endocytosis, circumvents this 

limitation and significantly affects how the cell responds to the influx of GHK-Cu.  

The simultaneous increase or decrease of MMP’s and TIMP’s seems contradictory at first. 

However, TIMPs regulate the proteolytic activity of MMPs by direct interaction with the 

enzyme, but not the regulation on a transcriptional level (375). It is likely that the increases in 

MMP cause an increase in TIMP regulated by a seperate, yet to be determined, mechanism. 

The significant over expression of TIMP-1 would act against all members of the collagenase, 

stromelysin and gelatinase classes (376). For these reasons TIMP-1 and TIMP-2 have often 

been referred to as having growth factor-like functions (377). The lower TIMP-2 expression 

may be explained by a regulated feed-back mechanism. The simultaneous increase of 

inhibitors and activators hints at a complicated balance. Without the regulation of MMPs 

runaway inflammation and proteolytic activity may result. When the results from Figure 5.4 

are expressed as a ratio of TIMP to MMP an interesting relationship emerges (Table 5.3). The 

normalized results are relative to the untreated cells and therefore the ratio of the control is 1. 

 

Table 5.2 TIMP/MMP ratios from the normalized in vitro expression. Data are means divided 

by means values therefore no SD. N+ = cationic niosomes, N0 = non-ionic niosomes and S = 

solution. Numbers express concentrations in M. 

 Ratio N+ 10
-11

 N+ 10
-9

   N0 10
-11 

N0 10
-9 

N0 10
-7 

S 10
-11 

S 10
-9 

S 10
-7 

TIMP-1/MMP-1 3.66  3.33 2.73  4.09  4.2  3.76  2.65  3.1  

TIMP-2/MMP-2 0.49  0.52  0.49  0.49  0.51 0.43 0.37  0.31  
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Interestingly, the TIMP-1/MMP-1 ratios are all greater than 1 indicating a net excess of the 

inhibitor surpassing the increased expression of MMP. Conversely, there is a net excess of 

MMP-2 compared with TIMP-2. These findings, which are consistent with the results from 

Simeon et al., indicate there was an increase of both MMPs and TIMPs in the cells after 

exposure to GHK-Cu. Inhibition resulting from TIMPs is also irreversible. Therefore, TIMP-

1 expression, as a result of the application of the GHK-Cu solution and niosomes during this 

study, suggest a trend towards decreased collagen degradation. This was of interest and so 

was examined (confirmed) in the next Section (5.4.2.2). The low TIMP-2/MMP-2 should be 

indicative of lower elastin levels. 

All genes seemed to follow a similar expression profile and thus a feedback mechanism 

cannot be directly established.  It is however possible that there is still a direct feedback 

between MMP and TIMP as suggested by Aoki et al. (375), but it cannot be confirmed using 

this method. Perhaps future work could include monitoring the protein secretion into the 

culture medium. This could be assessed by enzyme-linked immunosorbent assays and 

zymography (378). Quantifying protein levels might also allow for the correlation between 

expression and total protein concentration and accompanying feedback mechanisms.  

In summary; the expression observed at each concentration differed significantly between the 

niosome formulations and the solution (except that of the TIMP-1 and MMP-2 at 10
-9

 M). 

There was no statistical significance between the cationic and non-ionic niosome 

formulations at the same concentration in any of the MMP/TIMPs examined. All niosome 

formulations significantly increased MMP/TIMPs in all concentrations after 24 hours 

compared with the control. There was a net increase of inhibitors (TIMP-1/MMP-1) 

suggesting a pro-collagen environment as a result of GHK-Cu treatment. The low TIMP-

2/MMP-2 may be indicate a higher MMP-2 activity. 
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5.4.2.2 Effects of GHK-Cu on collagen and elastin production 

Both collagen and elastin showed a linear relationship between the absorbance versus 

concentration in the range tested (Figures 5.5) with both R
2
 values greater than 0.98.    

 

 

 

Figure 5.5 Standard curves of α-elastin (A) and collagen (B). Absorbance was measured at 

513 nm for elastin and 555 nm for collagen. Data are means ± SD, n=3. 

The observed trend in fibroblasts treated with GKH-Cu solutions displayed a dosage 

dependent response in elastin production, however no maximum was statistically 

distinguished (Table 5.4). Collagen production following GHK-Cu solutions also displayed a 

trend between dosage and response, however this was not statistically significant  

(p=0.38). Marquart et al. showed a dosage dependent response on the amount of collagen 
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produced when human fibroblast cells were incubated with GHK-Cu (80). This peaked at   

10
-9 

M and response plateaued whilst larger concentrations resulted in less collagen 

synthesized ([
14

C] proline measurement). Higher concentrations in this present study caused 

less collagen to be produced on average, however, overall produced more than the non-

treated cells.  The elastin production for these solutions was significantly (p>0.05) different 

between the highest and lowest concentrations. The elastin production trended oppositely to 

that of collagen whereby more elastin was produced with more GHK-Cu exposure. The 

solution produced the greatest response in elastin production over cationic and non-ionic 

niosomes. 

 

Table 5.3 Collagen and elastin production from HDFa cells after incubation with 

cationic/non-ionic and GHK-Cu solutions. Data are means ± SD, n=3. 

 

 

Condition 
Concentration of 

GHK-Cu (M) 
T0 (µg mL

-1
) T1 (48 hours) T2 (96 hours) 

E
L

A
S

T
IN

 

Control 

 

36.57 ± 3.85 79.03 ± 1.53 200.36 ± 2.51 

 

S 
10

-7
   84.08 ± 2.45 268.15 ± 2.55 

10
-9 

 

80.48 ± 5.66 271.09 ± 4.35 

10
-11 

  82.84 ± 4.01 257.97 ± 2.51 

 

N0 
10

-7
   92.21 ± 15.87 235.47 ± 4.06 

10
-9

 

 

77.55 ± 6.78 255.71 ± 19.55 

10
-11

   81.67 ± 1.61 233.31 ± 6.85 

 

N+ 
10

-7
   71.9 ± 4.25 162.77 ± 1.98 

10
-9

 

 

71.74 ± 0.31 162.64 ± 1.04 

10
-11

   70.35 ± 7.61 162.92 ± 1.64 

C
O

L
L

A
G

E
N

 

Control 

 

6.97 ± 1.07 7.55 ± 0.35 15.29 ± 0.46 

 

S 
10

-7
   8.53 ± 0.54 16.63 ± 1.63 

10
-9

 

 

8.14 ± 0.71 17.07 ± 1.49 

10
-11

   8.64 ± 0.34 18.04 ± 1.89 

 

N0 
10

-7
   8.05 ± 0.77 17.36 ± 1.54 

10
-9

 

 

8.62 ± 0.69 18.17 ± 2.43 

10
-11

   7.99 ± 0.34 17.09 ± 1.18 

 

N+ 
10

-7
   8.43 ± 0.62 16.45 ± 0.78 

10
-9

 

 

8.17 ± 0.97 17.73 ± 2.31 

10
-11

   8.31 ± 1.37 17.48 ± 1.13 
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Non-ionic niosomes showed no significant difference between the highest and lowest 

concentrations on either collagen or elastin production. There was also no significant 

difference (p>0.05) between the collagen production at 10
-9

 M and the other concentrations 

of GHK-Cu. There was however, a statistically significant increase in collagen (p=0.01) and 

elastin (p<0.01) production versus the control.  

Unexpectedly, the cationic niosomes treated group produced less elastin than the control. 

This became evident from the first time point (48 hours) and was maintained at 96 hour (20% 

less). It was also noted that cationic niosomes tended to produce more collagen with 

decreasing concentration. This may be as a result of the negative influence of cationic lipids 

on the disruption of the membrane and associated deleterious effects of cationic lipid on the 

cell viability (Section 4.4.1.1). Toxicity is time dependent and the length of exposure may 

have been enough to influence cell survival. There was no significant difference (p=0.7) 

between the expression at 10
-9 

M and that of 10
-11 

M.  Cationic niosomes did, however, 

increase collagen production (p<0.01) versus the control. Due to the increased collagen 

production by cationic niosomes, and simultaneous decreased elastin production, decreased 

viability is not consistent with this difference. 

Another possibility, as shown with protein kinase C (333), is that the cationic lipids might be 

interacting with enzymes that prevent the microfibrils cross-linking and thus prevent mature 

elastin forming.  Published material, however, indicates that cationic detergents increase 

oxidative effects of LOX (379). Therefore the final oxidation of TE and microfibrils into 

insoluble elastin was likely hampered by another mechanism. This was explored further 

through the correlation of MMP/TIMP to collagen and elastin production. 

The significance between the amounts of elastin produced following incubation of each 

identical concentration of cationic and non-ionic niosomes was p<0.001. The significance of 

collagen production however was 0.17, 0.02, 0.005 for concentrations 10
-7

, 10
-9

 and 10
-11

 M 

respectively. Therefore at 10
-7

 M there was no difference, 10
-9

 M non-ionic niosome 

incubation resulted in more collagen production and at 10
-11

 M cationic niosomes caused 

more collagen production from HDFa cells in culture. There was no significant difference in 

collagen production overall between the solution, cationic or non-ionic niosomes.  
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5.4.2.3 Relationship of MMPs/TIMPs expression and collagen/elastin 

production  

As expected both MMP and TIMP, collagen and elastin expression and synthesis in cells was 

markedly affected by the exposure of GHK-Cu. Surprisingly, the changing trends of MMPs 

and TIMPs, upon incubation with GHK-Cu solutions (inverse dosage dependent response, 

Section 5.4.2.2), showed an interesting correlation to the elastin and collagen produced. With 

decreasing MMPs/TIMPs there was an increase in elastin production along with a decrease in 

collagen production (solution only). This correlation might explain why non-ionic and 

cationic niosomes, with the larger MMP and TIMP expression, produce less elastin than the 

solutions.  Higher MMP levels increase elastolytic activity of elastin (380, 381). The 

degradation of elastin might also be increased with increases of other MMPs not examined in 

this Thesis, such as in the case of MMP-9 (381, 382). The TIMP-1/MMP-1 ratios were >1 

which correlates to the increased collagen production seen under incubation with all 

formulations.  

There remain many unanswered questions as to the trigger mechanism for collagen and 

elastin production. The results from this study point to a correlation between the expression 

of metalloproteinases and the elastin/collagen produced. Future work should include larger 

sample sizes, automated proceedures to reduce, a larger array of MMP/TIMP expression 

analysis and zymography.  

5.4.3 Ex vivo human skin 

5.4.3.1 Evaluation of skin integrity 

Mean resistance values were 6.14 ± 0.64 kΩ cm
-2

 over the 32 skin samples. The small 

deviation points to a similar resistance over all the skin samples prepared. All excised skin 

met or exceeded the cut-off criteria of the resistance, 3.94 ± 0.27 kΩ cm
-2

 (329), indicating 

the ex vivo skin was intact.  

5.4.3.2 Effect of GHK-Cu on the expression of MMP and TIMP ex vivo 

It was expected that the nano-carrier delivery system would deliver GHK-Cu into the skin 

and have an effect on MMP/TIMP expression. However, the results were very different from 

the in vitro studies. Low MMP-1/2 and higher TIMPs expression was observed in skin treated 

with cationic niosomes at 10
-9 

M after 24 hours (Figure 5.6). Lower MMP-2 was 

hypothesized to increase elastin production (Section 5.4.2.1) however this was not measured 

ex vivo. Higher TIMPs have the advantage of inhibiting a range of MMPs and thus 
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decreasing the rate by which collagen and elastin is broken down. The significant decrease 

seen may be due to the cationic lipid attraction to the skin as shown in Chapter 4. The lipid, 

once absorbed, may also alter the delivery of the GHK-Cu in ways yet to be explored.  

 

Figure 5.6 Normalized MMP/TIMP expression results of ex vivo skin following treatment 

with GHK-Cu formulations for 24 hours. Data are means ± SD, n=3. * Denotes p<0.05 or ** 

p<0.01, others are not statistically different from the control. N+ = cationic niosomes, N0 = 

non-ionic niosomes and S = solution. Numbers express concentrations in M. 
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The MMP-1 expression levels found in this study were significantly lower compared with the 

control following topical application of either non-ionic or cationic 10
-9

 M niosomes. The 

difference between the cationic and non-ionic niosomes at this concentration was not 

significant (p=0.2).  

The MMP-2 expression was significantly lower in the 10
-9

 M niosomes and the 10
-11

 M 

cationic niosomes versus the control. Non-ionic niosomes reduced MMP-2 expression 

significantly (p<0.05) more than the cationic niosomes. However, the cationic niosome 

expression of MMP-2 at 10
-11

 M was not significantly different to the 10
-9

 M expression of 

non-ionic niosomes. Importantly therefore, a smaller concentration of cationic niosomes, had 

the same effect as a higher concentration of non-ionic niosomes. 

TIMP-1 expression was decreased significantly by non-ionic niosomes at 10
-9

 M (p<0.05). 

The solution at the lowest concentration decreased TIMP-1 expression compared with the 

highest concentration, however, not significantly (p>0.3) versus the control, but did 

significantly increase expression at the highest concentration (p<0.05) versus the control. 

Whilst is it possible that some GHK-Cu could travel into the skin, the results do not correlate 

to the other expressions of MMP and TIMP and therefore is more likely due to other factors 

other than the influence of the compound. Cationic niosomes increased the expression of 

TIMP-1 at 10
-11

 and 10
-9

 M compared with the control and other formulations, however was 

not statistically significant versus the control.   

TIMP-2 expression followed a very similar profile (especially in the 10
-9

 M range) to that of 

MMP-2.  This was unsurprising as both the in vitro work on fibroblasts (Section 5.4.2.1) and 

published literature (383) link the expression of one, with the other. Only the TIMP-2 

expression in non-ionic niosomes at 10
-7

 and 10
-9

 M was significantly different (p<0.05) to 

the control. 

Several other products including grape seed proanthocyanidins (384), green tea catechins 

(385), olive oil and olive leaf extract (386), flavonoids (387), anthocyanins (388) and milk 

thistle (389) have all been shown to inhibit MMP activity. Of these, the polyphenol silibinin 

found in milk thistle also showed dose-dependent increases in TIMP-2 inhibitory effects on a 

translational or post-trans level (390). This is due not only to the fact that different cell types 

respond differently to stimulation by cytokines and growth factors, but also due to formation 

of TIMP-MMP complexes, which once formed, may assume new biological activity (391).  



B i o l o g i c a l  e f f e c t s | 162 

 

Another point of interest is the low MMP-1 and higher MMP-2, TIMP-1 and TIMP-2 

expression in non-ionic niosome samples. These do not follow the same expression pattern as 

incubated human dermal fibroblasts. This further reiterates that the expression of these genes 

involves more than one complicated mechanism.  It is therefore understandable why no trend 

can be established from the ex vivo results. The skin sections also came from various surgical 

patients whom differ in both age and gender. The age (392), thickness of the dermis (22), 

amount of subcutaneous fat and thickness of the epidermal layers (393) would all contribute 

to the gene expression as they effect delivery. Therefore, it is plausible that the niosomes 

were not travelling deep enough, or not placed onto the skin long enough for the full effect to 

take place.   

Application of GHK-Cu to viable human skin, conducted in this thesis, is a novel undertaking 

as is measuring the MMPs expression. The only previous direct application of GHK-Cu (10 

mg mL
-1

) was to rat wounds which resulted in increased collagen production (82). It was 

expected that, due to the way niosomes modify stratum corneum lipid structure, enhanced 

permeability would result (313). This enhanced delivery into the skin was expected to 

increase MMP and TIMP expression in a similar manner to the results from cell culture with 

fibroblasts (Section 5.4.1.2). Interestingly the results showed in most cases a decrease in the 

metalloproteinase expression. 

Unfortunately no direct correlation could be identified between the in vitro and ex vivo 

expression results. Using ratios an indirect comparison could be assessed. An interesting ratio 

exists at 10
-9

 M of niosomes, whereby both a pro-collagen and a pro-elastin environment 

persist due to the excess inhibitor expression (Table 5.5). The excess expression of TIMP-

1/MMP-1, especially in cationic niosomes (10
-9

 M) and non-ionic niosomes (10
-9

 and 10
-7

 

M), indicate decreased collagen degradation (based on the in vitro evidence for the same 

concentration and similar positive ratio for in vitro expression). There was also a net increase 

in inhibitors (TIMP-2/MMP-2) suggesting a decrease in elastin degradation as a direct result 

of the inhibition of the elastases.  
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Table 5.4 TIMP/MMP ratios from normalized ex vivo skin expression. (Data are means 

divided by means and therefore no SD). N+ = cationic niosomes, N0 = non-ionic niosomes 

and S = solution. Numbers express concentrations in M. 

 Ratio N+ 10
-11

 N+ 10
-9

 N0 10
-9

 N0 10
-7

 S 10
-11

 S 10
-9

 S 10
-7

 

TIMP-1/MMP-1 0.82  6.65  3.5  1.67  0.44  0.95  1.91  

TIMP-2/MMP-2 2.42  1.42  2.38  0.67  1.3  1.83  1.36  

 

 

The TIMP-2/MMP-2 (10
-9

 M) ratio was in favour of the non-ionic niosomes. These results 

are reassuring that at 10
-9

 M there is an excess of inhibitors that will support both a decrease 

in elastin and collagen degradation. These results are further reassuring as 70–80% of the dry 

weight of the dermis  is composed of collagen (12). Any significant improvement on the ratio 

of inhibitors to collagenases would therefore stabilize the existing collagen and elastin.  

It is not surprising that the expression of MMPs, TIMPs and TIMP/MMP ratios in ex vivo 

human skin differ with those in HDFa cell culture. There is growing evidence of the 

complexity of the mechanisms regulating MMP and TIMP expression and their activity 

(394). Not only do Interleukins regulate MMP-2 and MMP-9 (394) but other compounds, 

such as ethylenediaminetetra acetic acid (EDTA) and 1,10-phenanthroline, also have an 

inhibitory effect on MMPs (395). Both of these substances are chelating agents that 

requisition metal ions. Binding to either zinc or calcium ions either inactivates or reduces 

MMP activity.  As free copper increases the expression of MMP-1 in fibroblasts (86), the use 

of these chelating agents (which will also bind copper) will decrease the expression.  

 

Taking into consideration that the results at 10
-9

 M for in vitro expression ratios (given that ex 

vivo skin is more capable of reflecting the environments of the in vivo system) were higher 

for cationic versus non-ionic niosomes, and that the results from Chapter 4 suggested an 

increase in cellular uptake of cationic niosomes, clinical trials using cationic niosomes were 

performed.  
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5.4.4 Human clinical trial 

The products cationic niosome serum (N+ serum) and Pal-GHK containing serum (PG) were 

both tolerated very well by 39 subjects during the course of the four-week application. One 

test subject experienced unwanted skin reactions (swelling, redness) on the right facial side 

after application of the product containing cationic niosomes and very slightly on the left 

facial side as a result of the Pal-GHK serum application. This subject stopped the application, 

medical treatment was not necessary. The wrinkle depth and volume of a single wrinkle was 

measured on 39 subjects before and after using the preparations for a period of 8 weeks to 

determine the effect of the preparations N+ serum, PG and placebo (vehicle). In the treated 

area an improvement in wrinkle depth of about 19.71 % (N+ serum) and 16.45 % (PG) was 

measured and an improvement in wrinkle volume of about 18.25 % (N+ serum) and 16.79 % 

(PG) over the first 4 weeks. Wrinkle depth changes are visibly noticeable after 4 weeks 

application of N+ serum (Figure 5.7). The 4 week results are summarized in Appendix Table 

7.1 for wrinkle depth and volume. 

 

 

  Before       After  

Figure 5.7 Changes in wrinkle depth (peri orbital) over 4 week continuous use of cationic 

niosome serum. 

 

At the conclusion of the trial the 8-week results provided significant (p<0.05) evidence that 

the N+ serum outperformed PG in regards to wrinkle volume (Table 5.5). The depth also 
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decreased but this was not statistically significant (p=0.057). Overall this confirms that a 

carrier system for GHK-Cu is more effective than Matrixyl
®
 3000 for total wrinkle reduction. 

At the conclusion of the trial the 8-week results provided significant (p<0.05) evidence that 

the N+ serum outperformed the placebo serum in regards to wrinkle volume (Table 5.5). This 

evidence suggests that it was the nano-carrier that impacted significantly on the total wrinkle 

reduction and not the formulation. 

At 8 weeks the niosome formulation (N+ serum) had a greater than 22% relative 

improvement over PG and a 43.98% relative improvement over placebo in wrinkle volume 

(Table 5.6). Wrinkle depth improvement of N+ serum over PG was 16.25%.  Interestingly the 

difference between the measurements in depth and volume increased the most in the group 

using N+ serum (Group 1) from the 4 to 8 week measurements. PG improved wrinkle volume 

by 18.85% over a 4 week period whilst that of N+ serum was 49.59%.  This indicates that the 

change was slowing in the PG group at a faster rate than that of the N+ serum. It also 

suggests that the wrinkle reductions in depth and volume are cumulative in N+ serum. Both 

active products outperformed the placebo significantly (Group 2). N+ serum improved 

volume reduction by with a margin of over 10% indicating the nano-carrier involvement in 

this process. 

These results therefore are consistent with the cationic niosomes passing into the dermis and, 

as previously shown, having a positive effect on the collagen/elastin or glycosaminoglycan 

synthesis. The end result being that accumulation in the skin of GHK-Cu following twice 

daily application of cationic nano-carriers increases skin collagen (as seen from the in vitro 

work in Section 5.4.2.2) and potentially elastin. Increase in dermal thickness and strength 

cause the wrinkle volume and depth to decrease.  
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Table 5.5 Changes in wrinkle depth and volume over the trial period. Data are means ± SD, 

n=39. 

Volunteer Treatment 
 Wrinkle parameters 

(weeks)  
Percent change 

 N+ serum Depth (4) -18.36 ± 10.35 

 (n=19) Depth (8) -26.83 ± 12.83 

 

 

Volume (4) -17.28 ± 8.16 

Group 1   Volume (8) -25.85 ± 9.48 

 PG serum 

(n=19) 
Depth (4) -15.91 ± 8.61 

 
 

Depth (8) -22.47 ± 8.57 

 

 

Volume (4) -16.87 ± 8.65 

 

 

Volume (8) -20.05 ± 7.82 

 N+ serum Depth (8) -20.34 ± 8.73 

Group 2  (n=20) Volume (8) -24.10 ± 8.64 

 Placebo  Depth (8) -15.35 ± 7.26 

 (n=20) Volume (8) -15.03 ± 5.22 

 

 

In summary: the use of cationic niosome GHK-Cu (N+ serum) resulted in a significant 

improvement in wrinkle volume reduction compared to both a placebo serum and lipophilic 

derivative of GHK (PG) in a serum. The serum, with cationic niosomes, is the best 

performing anti-wrinkle and anti-ageing product of the three tested. The cationic nano-carrier 

encapsulated GHK-Cu was tolerated as well as the marketed Matrixyl
® 

3000 product with 

only one participant reacting to both.  

 

5.5 Conclusion 

The in vitro data show that gene expression of MMPs and TIMPs from the HDFa cells have a 

dosage dependent trend upon application of GHK-Cu solutions.  Higher concentrations 

decreased MMP/TIMP production. Similar trends could not be established for non-ionic and 

cationic niosomes. Niosomes however, in every concentration tested, produced a greater 

expression response than that of the GHK-Cu solutions. Of all the concentrations tested, that 

of 10
-9

 M caused the cells to express both MMP and TIMP at the highest level based on the 

average. The ratios of TIMP-1/MMP-1 were >1 suggesting a trend towards decreases in 

collagen degradation. The ratios of TIMP-2/MMP-2 were <1 suggesting a trend towards 

increases in elastin degradation. 
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The collagen and elastin production, based on the observed trend, displayed a dosage 

dependent response for the solution. The higher the concentration the less collagen and more 

elastin was produced. Correlating these to the expression results shows that decreased 

MMP/TIMP gene expression results in more elastin and less collagen production. Similar 

correlations could not be established for cationic or non-ionic niosomal delivery of GHK-Cu. 

The incubation with GHK-Cu solution had the greatest response in elastin production 

compared with the niosomes. All formulations produced more collagen than the control but  

not significantly.  

The gene expression in ex vivo human skin was not correlated to the in vitro results. In most 

cases, there was an overall decreased expression of MMPs and TIMPs in the skin after 24 

hours application. The lowest response in MMP-1 expression was seen with 10
-9

 M cationic 

and non-ionic niosomes. Surprisingly the solution at 10
-7

 M had a significantly increased 

effect in TIMP-1 expression. This is almost a direct contrast to the in vitro results. Age, 

thickness of the dermis, cutaneous fat, epidermal thickness and application time which cause 

variation may contribute to these findings.  

Cationic niosomes at 10
-9

 M resulted in the highest TIMP-1/MMP-1 ratio suggesting a pro-

collagen environment. Cationic niosomes also had a positive ratio of TIMP-2/MMP-2 at 10
-9

 

M further stabilizing any elastin against degradation. Considering the content of the dermis, 

the better choice for stabilization of collagen was the topical application of cationic 

niosomes. 

Human clinical trials were conducted on the cationic niosome encapsulated GHK-Cu, a 

Matrixyl
®
 3000 and a placebo (vehicle serum without the GHK-Cu or niosomes). Significant 

improvements were seen in wrinkle volume reduction compared to both a placebo serum and 

Matrixyl
®
 3000. Wrinkle depth also improved the most, however this was only moderately 

significant (P=0.057). The decrease in wrinkle depth and volume versus the placebo indicate 

the effectiveness of the cationic GHK-Cu in anti-ageing treatment. Importantly the cationic 

encapsulated GHK-Cu was tolerated as well as the marketed Matrixyl
®
 3000 product with 

only one participant reacting to both.  
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6 General discussion and future directions 

6.1 General discussion 

Topical application of cosmetic peptides firstly requires the peptide to penetrate to the site of 

action through one of three possible pathways (18). The skin is, however, an effective barrier 

to the transport of compounds that are charged, hydrophilic and/or have relatively high 

molecular weights, such as peptides and proteins (19, 20). This Thesis was concerned with 

formulation to overcome the skin’s barriers and enhance trans-epidermal penetration using 

GHK-Cu as model compound (Figure 6.1). In addition, GHK-Cu is cell-impermeable 

requiring an active process through the lysine chain receptor, which therefore required a 

formulation approach to enhance the intracellular delivery to its target cell, fibroblasts in the 

dermis. 

 

Figure 6.1Graphical abstract highlighting the focus of each Chapter in this Thesis. 
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The central hypothesis was that lipid based carriers would achieve both cellular and dermal 

delivery of the copper tripeptide. GHK-Cu.  Furthermore, the addition of a positive charge to 

the carrier system would improve intracellular and trans-epidermal delivery due to 

interactions with negatively charged membranes. In this regard the following conclusions are 

drawn from experimental results: 

1) Lipid based carriers improve dermal delivery. Observations in Section 4.4.2 indicated 

that free calcein could not permeate into ex vivo human skin. Niosome encapsulated 

calcein was however imaged permeating past the epidermis suggesting improved 

trans-epidermal delivery. Furthermore, the MMP and TIMP expression significantly 

improved in cells treated with niosomal GHK-Cu (Section 5.4.2.1) versus the 

solutions indicating improved cellular delivery. 

2) The addition of cationic charge to niosomes improved intracellular and trans-

epidermal delivery. More lysosomes were observed in TEM images of HDFa cells 

treated with cationic than non-ionic niosomes (Section 4.4.1, Figure 4.9) suggesting 

greater uptake. ImageJ analysis of CLSM images indicated an increase cellular uptake 

of calcein containing cationic niosomes over their non-ionic counterparts (Figure 4.5). 

EDAX could not quantify the copper accurately. The activity of cationic niosome 

delivery of GHK-Cu in the skin was, on the outset, similar to that of non-ionic 

niosomes (Section 5.4.3). Upon closer inspection however, the TIMP-1/MMP-1 ratio 

was greatest in cationic niosomes suggesting a decreased collagenase activity. This is 

beneficial for the skin as the dermis contains 70 – 80% collagen.  

3) Theoretically, this research, for the first time, found that GHK-Cu could promote the 

cellular expression of MMP-1, MMP-2 and their inhibitors TIMP-1, TIMP-2 in 

human fibroblasts, and that it is their ratios that decided the changes in their 

substrates, collagen and elastin content on/in the cells. Niosomal carriers, both 

cationic and non-ionic, can effectively deliver the encapsulated GHK-Cu to the cells 

but cationic niosomes can more readily ‘escape’ from the endosomes, releasing the 

content to the cytoplasm.         

Experimentally, the first aim was to evaluate the key physicochemical properties of GHK-Cu 

to facilitate formulation design. The evaluation required investigation of the fundamental 

physical properties such as ionization, lipid solubility, logD to be investigated as well as 

developing and validating a HPLC method (Chapter 2). Calculated logD (-2.49 through -2.38 

over pH 7.4 to 4.5) indicated that GHK-Cu was hydrophilic. GHK-Cu is freely water soluble 
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(325.09 ± 4.38 mg mL
-1

). Decreasing the pH caused the reversible dissociation of Cu from 

GHK. This effect proceeded rapidly from pH 4.26 downwards and was primarily caused by 

the protonation of the imidazole and glycyl residues. Therefore at the HPLC analytical pH of 

2, it was only the GHK peptide that was measured. GHK eluted at 8.02 ± 0.10 min under 

isocratic conditions making it ideal for routine analysis. The LOD and LOQ were determined 

to be 0.55 and 1.8 μg mL
-1

, respectively. Stress studies identified hydrolysis as the main 

pathway of degradation, leading to the identification of three new products. The final product 

was verified as histidine following the injections of pure amino acid. GHK was stable in 

water and in phosphate buffer (0.1 M) at pH 7.4. The hydrophilic nature of GHK-Cu, with 

logD (<-2.38) far from the optimal log P 1-3 for skin delivery, hamper skin penetration which 

therefore incentivized the consideration of a lipid-based carrier system, in particular 

niosomes, to enhance the dermal delivery of GHK-Cu.  

Chapter 3 was the focus of the formulation development and optimization to address the 

second aim of the Thesis. The optimization, aided by DSC, included determination of the 

lipid phase transition temperature (between 47 and 52 °C), similarly report by Yoshioka et al. 

(298) and optimal hydration time (40 minutes). Changes to the composition of the bilayer 

directly affected the size and entrapment of GHK-Cu. The entrapment varied from 5.9 to 

11.5%. Increasing the content of Span 60 caused an increase in size whilst increases in 

cholesterol decreased size. The addition of DDAB, by post-insertion, increased both the size 

and cationic charge. The concentration of DDAB was optimized at 0.05 M resulting in 

niosomes ranging from 225.7 to 480.7 nm and charge between +34.7 and +51.9 mV. Release 

studies performed on the cationic and non-ionic niosomes containing GHK-Cu had similar 

profiles. This suggested that the peptide could not traverse lipophilic domains, irrespective of 

charge. All formulations underwent a three month stability study at 4, 25 and 40 °C. All 

formulations in all conditions increased in size, decreased in entrapment and maintained a 

zeta potential of >30 mV. The optimal formulation was chosen (Formulation F7), composed 

of 0.3:0.8:0.05– cholesterol:Span 60:DDAB, was chosen with the aid of a surface activity 

plot. This formulation displayed a good balance between the smallest size, entrapment 

efficiency, morphology and charge.  This formulation was therefore used in all further 

studies.  

The third aim was to investigate trans-epidermal delivery and cellular absorption with 

particular interest in the effect of charge. Incubated fibroblast cultures, following cationic and 

non-ionic incubation, were visualized using confocal laser scanning microscopy (calcein as a 
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marker). The mechanism of intracellular uptake, confirmed by TEM imaging, was clathrin-

mediated endocytosis. This evidence was primarily supported by the size (niosomes in this 

study were 225.7 ± 7.6 nm in diameter), lysosome formation and clathrin pit formation in 

fibroblasts. An increased number of lysosomes, the end product of clathrin-mediated 

endocytosis, were imaged in cationic niosome treated cells. This indicated increased 

effectiveness of the cationic charged niosomes over the non-ionic niosomes in terms of 

cellular delivery. ImageJ analysis of the confocal images showed a slight increase in intensity 

(83 versus 79) in the cationic treated samples over the non-ionic treated ones. 

Endosomal escape was determined to be by destabilisation resulting from both a cationic 

lipid and a surfactant interaction with the endosomal membrane. The intracellular delivery 

efficiency of GHK-Cu entrapped into cationic and non-ionic niosomes, by measuring the 

copper element was attempted using EDAX, which unfortunately was unable to accurately 

quantify copper, due to the low copper content. Nevertheless, niosomes were shown to 

deliver the active into cells without affecting the viability of the cells by TEM and CLSM. 

This was determined using a MTT test, which resulted in all concentrations tested, bar 10
-7

 M 

cationic niosome, having no significant effect. CLSM images from topical application of 

calcein revealed that free calcein could not cross the stratum corneum. Niosomes however, 

both cationic and non-ionic, caused adsorption onto the surface forming a critical 

thermodynamic activity gradient, driving permeation into the dermis. Chapter 4 therefore 

highlighted both the intracellular and trans-epidermal delivery of niosomes containing 

calcein.  

Replacement of the calcein with GHK-Cu and measuring biological markers as an indicator 

of response in cells and ex vivo human skin was the focus of Chapter 5 and the fourth aim. To 

address this fourth aim, initially the RNA purity was examined and all used samples 

exceeded purity criteria. Agarose gel electrophoresis confirmed the NanoDrop purity results. 

RT-qPCR and normalization showed a dosage dependent expression profile for MMPs and 

TIMPs in fibroblasts following GHK-Cu solution incubation. Higher concentrations 

decreased MMP/TIMP expression. Niosomes however, in every concentration tested, 

produced a greater expression response than that of the GHK-Cu solutions. The ratios of 

TIMP-1/MMP-1(>1) and TIMP-2/MMP-2 (<1) suggested a trend towards on-going collagen 

stabilization and elastin degradation depending on which expression predominates.  
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The effect of GHK-Cu in solutions/niosomes had a varying effect on the production of 

collagen and elastin in cultured cells. A dosage dependant response was seen in elastin and 

whilst not statistically significant, also in collagen production in solution incubated samples. 

The higher the concentration the less collagen and more elastin was produced. It appeared 

that it was a combination of the ratios of TIMP/MMP gene expression and influence of 

surfactant that correlate to more or less elastin and collagen content or production. This was 

evidenced with the observation that exposure of cells to cationic niosomal GHK-Cu 

decreased the amount of elastin compared with the other test groups. Non-ionic niosomes 

caused more elastin to be produced than the control. All formulations caused more collagen 

to form than the control as the ratios of TIMP-2/MMP-2 are all >2. The amounts of collagen 

in the cationic niosomes treated cells was slightly higher that non-ionic niosomes, although 

not statistically different. 

Expression results from viable ex vivo human skin upon the direct topical application of 

GHK-Cu, in solution and niosomes, could not be directly correlated to the in vitro results. In 

most cases, there was an overall decreased expression of MMPs/TIMPs in the skin after 24 

hours application. Ratios of TIMP/MMP were again used to highlight the differences 

between the formulations. At 10
-9

 M, cationic niosomes caused a higher TIMP-1/MMP-1 

ratio (6.65) versus non-ionic niosomes (3.5) suggesting a pro-collagen environment in favour 

of cationic niosomes. Cationic niosomes also had a positive ratio of TIMP-2/MMP-2 (1.42) at 

10
-9

 M further stabilizing any elastin against degradation but was however smaller than that 

of non-ionic niosomes (2.38). Considering the content of the dermis is 80% collagen, the 

better choice for the on-going stabilization of collagen to aid in anti-ageing effects was the 

cationic niosomes. 

The final specific aim was to determine the activity of niosomal GHK-Cu by measuring 

wrinkle depth and volume changes. This was addressed through a randomised double blind 

placebo slip face clinical trial which compared the cationic niosome encapsulated GHK-Cu, a 

lipophilic conjugate of GHK and palmitic acid (Matrixyl
® 

3000) and a placebo serum 

(vehicle without GHK-Cu or carrier). Significant improvements (p<0.005) were seen in 

wrinkle volume reduction with the noisome formulation compared to both a placebo and 

Matrixyl
® 

3000 over 8 weeks. Wrinkle depth also improved the most although it was only 

moderately significant (P=0.057). This Thesis has, through the successful completion of all 

the outlined aims evolved from a hypothesis through to commercial product. It has essentially 
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outlined the effectiveness of cationic niosomes for the purposes of GHK-Cu trans-epidermal 

delivery. 

6.2 Limitations and future direction 

Research is hampered by time and money. One such example was the number of MMPs and 

TIMPs investigated. The link in this study between in vitro and ex/in vivo results utilised the 

expression of only 4 MMP/TIMPs as a measure of biological activity.  There are many other 

MMPs, which act on collagen (Section 1.6.2) that have not been explored, primarily as a 

result of funding. The MMP and TIMP reagents used in this study alone cost more than ten 

thousand dollars. It would be useful to explore other MMPs such as 8, 9 and 13 and 

investigate a link between them if more funding became available. 

The clinical trial is another example whereby choices were made for economic reasons. 

Ideally the formulations of cationic niosomes, non-ionic niosomes and free GHK-Cu solution 

would have been compared side by side in the in vivo trial in the same manner as the rest of 

the Thesis. Currently the only conclusion drawn from this study is that the cationic GHK-Cu 

niosomes outperform the serum containing Matrixyl
® 

3000 and the placebo. The choice not to 

compare cationic and non-ionic formulations ultimately came down to a commercial decision 

by Snowberry.  A biopsy confirming collagen and elastin production in treatment areas 

would have provided a superb comparison between treatment and in vivo effect. Perhaps 

future investigations need not measure wrinkles on the face but rather on some inconspicuous 

site where a biopsy is possible. 

While the focus of this Thesis was primarily anti-ageing treatment, as a direct result of 

industrial support, other clinical applications using GHK-Cu such as wound repair (83), ulcer 

treatment (104), angiogenesis (96), hair growth (105) or even bone repair (106) could be 

explored (Figure 6.2). This small peptide facilitates a range of biological responses that, with 

the right delivery systems, can be improved.  



D i s c u s s i o n  a n d  f u t u r e  d i r e c t i o n | 174 

 

 

Figure 6.2 Future direction, possible improvements and applications from of this study. 

 

GHK-Cu is one of many currently used anti-ageing actives (Section 1.5) that would benefit 

from using niosomes, particularly cationic niosomes, to improve trans-epidermal delivery. 

Argireline
®
 (888.99 g mol

-1
) as an example is almost three times larger than GHK-Cu, 

fibroblast growth factor-5 is 1000 times larger. Delivery of these larger molecules (FGF, 

EGF) is certainly more challenging but would open up new possibilities such as scar 

treatment. Interestingly, wound healing occurs rapidly without scar formation in gestation. 

One of a number of differences between foetal versus post gestational scar formation is the 

higher ratio of MMPs to TIMPs (256). It is a distinct possibility that other concentrations, not 

explored in this Thesis (Chapter 5), will alter the ratios towards scar free wound healing.  

Topical infections with resistant organisms, such as methicillin-resistant Staphylococcus 

aureus (MRSA) (396),  might also benefit from cationic niosome use whereby delivery into 

the affected cells of the appropriate active would improve treatment outcomes. Topical 

treatment with retapamulin and mupirocin is more effective than systemic treatment in 

MRSA wounds. These provide an alternative to fusidic acid when resistance is suspected 

(396). Both retapamulin (517.77 g mol
-1

) and mupirocin (500.62 g mol
-1

) contain many polar 
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moieties and are a similar molecular weight to GHK-Cu and therefore might be easily 

entrapped into cationic niosomes for topical treatment. As both agents are specific to 

bacterial t-RNA synthetase or the 50S on the subunit of the bacterial ribosome, toxicity to 

normal cells would be minimal. 

Another interesting use for cationic niosomes is delivery of cycloastragenol, a telomerase 

activator, to treat age related conditions and kick start cell proliferation (397). Telomeres 

perform a dual function of protecting chromosomes from instability and damage. Telomerase 

activation in somatic cells is a key step towards cell immortalization and unfortunately, 

cancer. Therefore delivering telomerase inhibitors might also aid in cancer treatment for local 

topical treatment. One such inhibitor is silibinin (398), which coincidently has dose 

dependent increases in TIMP-2 inhibitory effects (Section 5.4.2.2), and might therefore 

perform a dual purpose in topical delivery.  

Finally, whilst there are already a plethora of alternative uses for the cationic niosomes 

produced in this study, there are ways to improve upon their delivery and preparation (Figure 

6.2). This might include the addition of TAT peptide, or other cell penetrating peptide, to 

niosomes (128), which have already proved successful in enhancement of transdermal 

absorption of compounds. In addition, improving drug-loading (399) and varying particle 

size,  which was not an aim of this Thesis, might also improve dermal delivery as more active 

can be incorporated into the lumen of the vesicles. Additionally, enhanced endosome-to-

cytosol escape might improve delivery of actives, demonstrated by Di Marzio et al. (400). 

Escape is increased with surfactant vesicles prepared with the addition of pH sensitivity to 

the vesicle membrane. A combination of the above, utilizing different surfactants (400), 

adapting untried preparation techniques or forgoing niosomes in favour of other proven 

topical penetration enhancers, such as electrospun fibre mats (190) or biphasic systems (205),  

are valid concepts for future GHK-Cu investigation.  
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8 Appendix and copyright permissions  

 

Table 8.1 Statistical values for the 4 weeks results 

N+ serum wrinkle depth, PG wrinkle depth  

 

N Mean StDev 

N+ serum Wrinkle Depth 19 -18.36 10.36 

PG Wrinkle Depth 19 -15.91 8.61 

Difference 19 -2.45 9.15 

    95% upper bound for mean difference: 1.19 

T-Test of mean difference = 0 (vs < 0): T-Value = -1.17  P-Value = 

0.129 

    

N+ serum wrinkle volume, PG wrinkle volume  

 

N Mean StDev 

N+ serum Wrinkle Volume 19 -17.29 8.17 

PG Wrinkle Volume 19 -16.87 8.66 

Difference 19 -0.41 6.25 

    95% upper bound for mean difference: 2.07 

T-Test of mean difference = 0 (vs < 0): T-Value = -0.29  P-Value = 

0.388 
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Figure 8.1 Elemental analysis of two different intracellular areas of cationic niosome treated 

HDFa cells embedded in resin. (A) Regions of interest and (B) elemental analysis by EDAX. 
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.  

 

Figure 8.2 Intracellular elemental analysis of non-ionic niosome treated HDFa cells 

embedded in resin. (A) Regions of interest and (B) elemental analysis. 
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Figure 8.3 Intracellular elemental analysis of untreated HDFa cells embedded in resin. (A) 

Regions of interest and (B) elemental analysis by EDAX. 
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