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Abstract
This body of work focussed on topical drug delivery, and the characterization of
topically delivered molecules and nanoparticles, in human skin. The research has potential
applications in the diagnosis and therapy of skin cancer; as well other dermatological and
safety assessment outcomes. An extensive literature review of current research in topical
treatment of skin cancer (melanoma and non- melanoma skin cancer) was performed and is
the basis of Chapter 1.
In Chapter 2, the topical delivery of ion paired Acriflavine (ACF) was investigated. An
extensive literature research on topical delivery of ion pairs revealed that this strategy was
efficacious in enhancing the percutaneous absorption of ionized compounds. ACF is a cation
and therefore does not passively permeate through the skin. To achieve percutaneous
penetration of ACF, ion pairs with conjugate bases of several weak acids were formed.
Conjugate bases with increasing carbon chain lengths were chosen for the formation of ion
pairs. Octanol/water partition coefficient experiments were carried out to determine the relative
lipophilicity of the ion pair formed between ACF and increasing concentration of the counter
ion. The logP of ACF was determined to be -1.13 ± 0.01. The resultant logP of the ion pairs at
an ACF:Counter-ion ratio of 1:5 were in the range of 1 ≤ logP ≥ 2.5. Ion paired ACF was
incorporated into a hydroalcoholic gel, and the delivery of ACF in vitro, through heat-separated
epidermis (HSE) was evaluated using Franz cells. The flux of ACF in an aqueous vehicle was
minimal (0.059 ± 0.009 µg•cm-2•h-1), incorporation of ACF in the hydroalcoholic gel improved
flux to 2.588 ± 0.475 µg•cm-2•h-1 and the ion pairs enhanced flux by a factor of between 1.4
and 7. Enhanced penetration of ion paired ACF was confirmed ex vivo in fresh full thickness
human skin using multiphoton microscopy coupled with fluorescence lifetime imaging
microscopy (FLIM). The cytotoxic activity of ACF was investigated in three melanoma cell
lines (WM164, WM1366, D24) and keratinocytes (HaCaT) in vitro. ACF displayed a doserelated cytotoxic response in these cell lines. WM164 and WM1366, BRAF and NRAS mutated
melanoma cell lines, were more sensitive to ACF (IC50 of 2.09 and 2.16 µM respectively)
compared to the wild type melanoma cell line, D24 (IC50 = 8.20 µM). Ion pairing of ACF had
minimal effects on the IC50 values demonstrating that ion pair formation did not reduce
biological activity. This study demonstrated that ion pairing improved the topical delivery of
ACF by increasing its lipophilicity. ACF inhibited the proliferation of melanoma cells in vitro,
with specific activity against mutated melanoma cell lines, indicating that the ACF has the
potential to treat melanoma.
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Microscale medical devices are being developed to target the skin as a site for drug
and vaccine delivery. In the aim of improving the effectiveness of these devices, the diffusion
of Nanopatch-delivered macromolecules in human skin was studied in Chapter 3. Rhodaminelabelled dextrans of different molecular weights (70, 500, and 2000 kDa) were coated onto the
microprojections of the Nanopatch and applied to human skin ex vivo. The diffusion of the
macromolecules was modelled from multiphoton images acquired over 30 minutes and their
diffusivity coefficients in every skin strata; from the surface to a depth of about 200 µm was
determined. In human skin, diffusion was observed in the form of clearance from the viable
epidermis and dermis. Diffusion and clearance of the macromolecules was dependent on their
molecular weight. Epidermal and dermal diffusivity coefficients ranging from 3 – 8 µm2•s-1 and
10 – 20 µm2•s-1 respectively were obtained from the multiphoton images. Diffusivity
significantly decreased in the junction between the stratum basale and papillary dermis (2 – 3
µm2•s-1). The puncture holes created by the microprojections closed at a speed of 1 nm•s-1
and the total time required for hole closure was estimated at ~6 hours. FLIM images of the SC
and viable epidermis were obtained to investigate the effect of Nanopatch application on the
metabolic state of the viable epidermis. Nanopatch application resulted in cell death localized
to the site of microprojection penetration. Other cells in the local environment did not
experience changes in morphology and metabolic state associated with Nanopatch
application. The findings of this study provide references for microneedle-mediated
macromolecule diffusivity in human skin and demonstrate the safety of the Nanopatch.
The safety of topically applied nano-sized nanoparticles, such as titanium dioxide
(TiO2) and zinc oxide nanoparticles (ZnO-NP), incorporated into sunscreen formulations has
been the subject of intense debate. In Chapter 3, the effect of soaking human skin in vivo on
the penetration of topically applied ZnO-NP was studied. Three volunteers were recruited for
this study and their consent was obtained. The skin of their volar forearm was soaked with
ocean, pool and ultrapurified water for one hour. Uncoated and 2% triethoxycaprylylsilanecoated ZnO-NP dispersed in capric/caprylic triglycerides (CCT) was applied onto soaked skin
for one hour and FLIM images of the viable epidermis was acquired after treatment. Soaking
of the skin with ocean water resulted in a significant increase in skin hydration. The FLIM
images showed that soaking increased the accumulation of uncoated ZnO-NP in skin furrows,
although no ZnO-NP penetration was detected. No changes in metabolic activity resulted from
topical application of ZnO-NP.
The work conducted during the course of this doctoral study can be applied to the
topical delivery of ionized actives, understanding the diffusion of delivered molecules in human
viable epidermis and dermis, and confirmation that ZnO-NP are safe to be used as sunscreens
even with bathing.
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Summary

During the course of this PhD, different strategies were explored to enhance topical
delivery of actives. Evaluation of skin permeation and diffusion using multiphoton microscopy
was a central part of this work. Ion pairing enhanced the delivery of ACF though human skin
in vitro and ex vivo, confirmed with Franz cell studies and multiphoton microscopy. FLIM
images of the skin provided mechanistic insights to the permeation of ion-paired ACF
through the SC. ACF was found to be effective on BRAF- and NRAS-mutated melanoma cell
lines. ACF was reported to bind HIF-1α, which plays a role in the metastasis of melanoma. A
natural progression of this study would be to confirm HIF-1α as ACF’s molecular target and
to conduct in vivo studies on mice.
An extensive characterization of NanopatchTM application and active delivery into
human skin was carried during this PhD. Multiphoton microscopy facilitated the
characterization of macromolecule diffusion in the VE of ex vivo human skin and allowed us
to demonstrate the difference in macromolecule diffusion in human skin compared to animal
skin, and to determine the closure rate of the holes created by the microprojections. We
showed a relationship between the MW of macromolecules delivered via NanopatchTM and
their diffusion and clearance patterns within the skin. Combining multiphoton microscopy
with FLIM permitted the evaluation of the metabolic and redox rate of the viable epidermis
after NanopatchTM application, and lead to the discovery that the cell death caused by the
piercing of the microprojection into human skin differed from that caused in mice skin. The
findings of this project facilitate the optimization of microdevice design for the topical delivery
of macromolecules.
The research then progressed into the study of nanoparticle penetration into human
skin. The effect of soaking, a previously unexplored variable, on topical penetration of ZnONP was investigated. FLIM images of volunteer skin provided convincing proof that whilst
soaking of skin caused skin hydration, it did not result in skin permeation of ZnO-NP. This
contributes further evidence, based on in use applications to human skin, of the safety of
topically applied ZnO-NP. Furthermore, the metabolic state of the viable epidermis following
ZnO-NP application, evaluated using FLIM, remained unchanged, showing that previously
published in vitro studies suggesting cellular toxicity did not translate into in vivo
circumstances. The safety of ZnO nanoparticles was demonstrated in a range of in use
application conditions including mimicking beach activities. This investigation could be
expanded to investigate longer soaking times.
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