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Abstract

It has recently been proposed that the combination of skin barrier impairment using microneedles

(MNs) coupled with iontophoresis (ITP) may broaden the range of drugs suitable for transdermal

delivery, as well as enabling the rate of delivery to be achieved with precise electronic control.

However, no reports exist on the combination of ITP with in situ drug loaded polymeric MN

delivery systems. Furthermore, although a number of studies have highlighted the importance of

MN design for transdermal drug delivery enhancement, to date, there has been no systematic

investigation of the influence of MN geometry on the performance of polymeric MN arrays which

are designed to remain in contact with the skin during the period of drug delivery. As such, for the

first time, this study reports on the effect of MN heigth and MN density upon the transdermal

delivery of small hydrophilic compounds (theophylline, methylene blue, and fluorescein sodium)

across neonatal porcine skin in vitro, with the optimised MN array design evaluated for its

potential in the electrically faciliatated delivery of peptide (bovine insulin) and protein

(fluorescein isothiocyanate—labelled bovine serum albumin (FTIC-BSA)) macromolecules. The

results of the in vitro drug release investigations revealed that the extent of transdermal delivery

was dependent upon the design of the MN array employed, whereby an increase in MN height and

an increase in MN density led to an increase in the extent of transdermal drug delivery achieved 6

h after MN application. Overall, the in vitro permeation studies revealed that the MN design

containing 361 MNs/cm2 of 600 μm height resulted in the greatest extent of transdermal drug

delivery. As such, this design was evaluated for its potential in the MN mediated iontophoretic

transdermal delivery. Whilst the combination of MN and ITP did not further enhance the extent of

small molecular weight solute delivery, the extent of peptide/protein release was significantly

enhanced when ITP was used in combination of the soluble PMVE/MA MN arrays. For example,

the cumulative amount of insulin permeated across neonatal porcine skin at 6 h was found to be

approximately 150 μg (3.25%), 227 μg (4.85%) and 462 μg (9.87%) for ITP, MN, and MN/ITP

delivery strategies, respectively. Similarly, the cumulative amount of FTIC-BSA delivered across

neonatal porcine skin after a 6 h period was found to be approximately 110 μg (4.53%) for MN

alone and 326 μg (13.40%) for MN in combination with anodal ITP (p<0.001). As such, drug

loaded soluble PMVE/MA MN arrays show promise for the electrically controlled transdermal

delivery of biomacromolecules in a simple, one-step approach.
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1. Introduction

The rapid growth of the biotechnology industry has seen an increase in the interest for use of

peptide/protein based molecules as therapeutic agents [1]. In order for this new generation of

therapeutic agents to gain prominence as mainstream treatments of choice, a parallel

development of efficient delivery systems will be required by the pharmaceutical industry

[2]. Traditionally, peptide and protein drugs have had to be administered parenterally, due to

their propensity to undergo acid degradation within the gastrointestinal tract [3]. However,

recent advances have seen the development of facilitated technologies that may make

transdermal peptide/protein delivery a feasible option. The transdermal route offers a range

of advantages for delivery of peptide/protein therapeutics. As proteins have short plasma

half-lives, the possibility of continuous delivery offered by the transdermal route is a major

benefit, as is the low proteolytic activity in comparison to other routes [1,2]. Furthermore,

avoidance of first pass hepatic metabolism eliminates another obstacle to successful

systemic peptide/protein delivery. The major challenge associated with delivery of

molecules across the skin is overcoming the stratum corneum barrier. Thus, a number of

enhancement methods have been proposed and investigated to improve bioavailability of

peptides/proteins administered across the skin.

The development of microneedle (MN) arrays is likely to play a major role in the

progression of the transdermal route as a viable option for the non-invasive systemic

delivery of therapeutic peptide/protein agents. MNs are devices composed of micron-size

needles which have the ability to physically disrupt the SC and create micro-conduits for

drugs to pass through deeper layers of the skin to the microcapillary bed for systemic

absorption [2]. MN technology has been demonstrated to be painless [4] and associated with

only very minor local adverse skin reactions [5,6]. As such MN technology appears to be an

attractive minimally invasive and patient-friendly drug delivery option for macromolecular

therapeutics. MNs have been fabricated in a wide range of designs from various materials,

including silicon [7], glass [8], metal [9] and polymers [10–12].

Recently, it has been suggested that, due to the fact that MN application to the skin will

result in the creation of aqueous pathways of low electrical resistance [13], the combination

of MN technologies and iontophoresis (the application of a small electric current,

typically≥0.5 mA/cm2, to drive ionic and polar molecules across the skin) may lead to a

synergistic enhancement in transdermal delivery with the added benefit of precise electronic

control [14,15]. Indeed it has been shown that the combination of MN and ITP can lead to

an increased rate of transdermal delivery for a range of drug molecules, both in vitro and in

vivo [13,15–17]. However, to date the combination of ITP and MNs has focused on the use

of either non-drug loaded solid MNs that are used to merely puncture the skin prior to the

application of an electrically conducting drug formulation, or the use of an electric stimulus

to facilitate drug movement through the cental bore of hollow MNs. In these cases, the pores
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created within the skin could potentially close or, in the case of the hollow MNs the central

bore may become blocked by compressed dermal tissue during MN insertion, thus negating

the length of benefit that may be obtained through the use of ITP to stimulate drug

movement. The use of drug loaded dissolving polymer MN systems may overcome some of

the above mentioned issues, and thus allow for the in situ combination of MN and ITP in a

one-step approach for enhanced transdermal delivery of a wide range of drug molecules.

Whilst a number of studies have highlighted the importance of MN design for transdermal

drug delivery enhancement, to date, there has been no systematic investigation of the

influence of MN geometry on the performance of polymeric MN arrays which are designed

to remain in contact with the skin during the period of drug delivery. As such, for the first

time, this study reports on the effect of MN height and MN density upon the transdermal

delivery of small hydrophilic compounds (chosen for their ease of analysis, thus enabling a

range of MN parameters to be evaluated in an efficient and rapid fashion) across neonatal

porcine skin in vitro, with the optimised MN array design evaluated for its potential in the

electrically faciliatated delivery of peptide (bovine insulin) and protein (fluorescein

isothiocyanate—labelled bovine serum albumin (FTIC-BSA)) macromolecules.

2. Materials and methods

2.1. Chemicals

Gantrez® AN-139, a copolymer of methylvinylether and maleic anhydride (PMVE/MAH)

was provided by ISP Co. 120 Ltd., Guildford, UK. Theophylline, methylene blue,

fluorescein sodium, insulin from bovine pancreas and FTIC-BSA were obtained from Sigma

Aldrich, Dorset, UK. All other chemicals used were of analytical reagent grade.

2.2. Fabrication of drug-loaded MNs prepared from aqueous blends of 20% w/w PMVE/MA

MNs prepared from aqueous blends of 20% w/w poly (methyl vinyl ether co maleic acid)

(PMVE/MA) and loaded with model drugs were prepared using laser-engineered silicone

micromould templates, as described previously [3,12]. Briefly, silicone elastomer

(LSR9-9508-30, Polymer Systems Technology, Wycombe, UK) was poured into a custom-

made aluminium mould and cured overnight at 40 °C. A laser-machine tool (BluLase®

Micromachning System, Blueacre Technology, Dundalk, Ireland) with a laser (Coherent

Avia, Coherent Inc., Pittsburgh, USA) emitting a beam having a wavelength of 355 nm and

a pulse length of 30 ns (variable from 1 to 100 kHz) was then employed to produce MN

moulds (11 × 11 array, 600 μm height, 300 μm width and 300 μm interspacing at MN base).

A 30% w/w aqueous solution of PMVE/MA was prepared by adding the required mass of

PMVE/MAH to ice-cold deionised water, followed by vigorous stirring and heating at 95.0

°C until a clear gel was obtained, due to hydrolysis of the anhydride form of the copolymer

to the corresponding acid (PMVE/MA). Upon cooling, the blend was then readjusted to the

final concentration of 30% w/w by addition of an appropriate amount of deionised water. To

prepare drug-loaded MNs, the stock solution was diluted with the appropriate amount of

water, in which the amount of model drugs necessary to obtain desired loadings per MN

device (Table 1) was dissolved, to obtain MNs composed of 20% w/w PMVE/MA gel. In

each case the model drugs were distributed throughout the entire of the MN array, i.e. drug
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was contained both within the MNs and the MN base plate.An aliquot of 0.5 g of the

obtained solution was then poured into the silicone micromould, centrifuged for 15.0 min at

3500 rpm and allowed to dry under ambient conditions for 24 h [12]. Control patches were

prepared by pouring a 0.5 g aliquot of the drug loaded PMVE/MA gel into silicone

micromoulds, containing no laser engineered MN holes, which were then allowed to dry

under ambient conditions for 24 h [12]. In order to assess the effect of MN array design on

the drug release characteristics of polymeric MNs containing small hydrophilic molecules, a

range of MN geometries were prepared (Table 1).

2.3. Analysis of drug content after incorporation into PMVE/MA MN arrays

For evaluation of the drug content of drug loaded PMVE/MA MN arrays, MN arrays were

dissolved in 0.1 M PBS pH 7.4 and analysed via UV/VIS spectroscopy for methylene blue

and fluorescein sodium loaded MNs [18], via HPLC for theophylline [12] and insulin loaded

MNs [3]. For the evaluation of the total FITC-BSA content in soluble PMVE/MA MN

arrays, MN arrays were dissolved in 0.05% w/w sodium dodecyl sulphate (SDS) in PBS pH

7.4 and the obtained solutions were analysed using by spectrofluorimetry using an excitation

wavelength of 490 nm and emission wavelength of 520 nm. Mean values were determined

from a total of five replicates in each case.

2.4. In vitro permeation studies across neonatal porcine skin

In vitro drug delivery experiments were performed across dermatomed neonatal porcine skin

(nominal thickness 350 μm), which was mounted on Franz diffusion cells (FDC-400 flat

flange, 15 mm orifice diameter, mounted on an FDC diffusion drive console providing

synchronous stirring at 600 rpm and thermostated at 37 ± 1 °C, Crown Glass Co. Inc.,

Sommerville, N.J., USA). Neonatal porcine skin was obtained from stillborn piglets and

immediately (<24 h after birth) excised, and trimmed to a nominal thickness of 350 μm

using an electric dermatome. Skin was then stored in aluminium foil at −20 °C until further

use. Neonatal porcine skin samples were shaved carefully so as not to damage the skin and

pre-equilibrated in phosphate buffered saline pH 7.4 (PBS) for 1 h before beginning the

experiments. A circular specimen of the skin was secured to the donor compartment of the

diffusion cell using cynoacrylate glue with the stratum corneum side facing the donor

compartment. This was then placed on top of dental wax, to give the skin support, and MN

arrays inserted into the centre of the skin section, using a spring activated applicator at a

force of 11.0 N per array. A circular steel weight (diameter 11.0 mm, 3.5 g mass) was then

placed on top of the MN array. Furthermore, a non-adhesive putty material (BluTac®,

Bostik Ltd., Leicester, UK) was placed on top of the weight, and a piece of laboratory film

(Parafilm®) placed over the Franz cell lid. With MN arrays in place, donor compartments

were mounted onto the receptor compartments of the Franz cells.

For studies involving the application of an electric current, silver wire was used as an anode,

with a silver-silver chloride electrode acting as the cathode The active electrode was placed

directly on top of the MN array, whilst the inactive electrode was placed into the receiver

medium via the side arm of the Franz cell (Fig. 1). A commercially available power supply

(Phoresor II, Iomed, Lake City, FL, USA) was used to deliver a current of 0.5 mA for a 6 h

period.
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As a negative control, drug loaded patches (with the same drug loading but containing no

MNs) were applied to skin using the spring-activated applicator at a force of 11.0 N/patch,

and kept in place during the experiment by application of the non-adhesive putty.

At predetermined time intervals, a 300 μl sample was collected via the side arm of the Franz

cell and the receiver compartment immediately replenished with an equivalent volume of

release medium. For studies involving theophylline, methylene blue and fluorescein sodium

phosphate buffered saline (PBS pH 7.4) was used as the release medium. For studies

involving insulin, a release medium containing 0.1 M Tris buffer pH 10 was used to ensure

stability of insulin during the course of Franz cell investigations [3]. For studies involving

FTIC-BSA a release medium of 0.05% w/w SDS in PBS pH 7.4 (to ensure stability of

FTIC-BSA) was used. The concentrations of methylene blue and fluorescein sodium within

the receiver medium were determined by UV analysis, the concentration of theophylline and

insulin within the receiver medium were determined by HPLC, and the concentration of

FTIC-BSA within the receiver medium was determined by fluorescence spectroscopy.

2.5. Transcutaneous electrical resistance measurements

Full thickness neonatal porcine skin (1.0 mm) was mounted over a Franz diffusion cell with

the receptor compartment containing phosphate buffered saline (pH 7.4). Ag/AgCl

electrodes, connected to a multimeter, were placed on either side of the skin portion to

measure the resistance in kΩ [13]. MN array were inserted into the skin using a custom

designed spring activated applicator at a force of 11.0 N per array. MNs were then left

within the skin for a period of 24 h and skin electrical resistance continuously monitored.

2.6. Optical coherence tomography

The depth of the pore created following the application, and removal, of PMVE/MA MNs to

full thickness neonatal porcine skin at a force of 11.0 N per array was determined using

optical coherence tomography (OCT) (VivoSight® high resolution OCT scanner with

handheld probe (Michelson Diagnostics Ltd, Kent, UK), as described previously [19]. The

swept-source Fourier domain OCT system has a laser centre wavelength of 1305.0 ± 15.0

nm, facilitating real time high resolution imaging of the upper skin layers (7.5 μm lateral and

10.0 μm vertical resolution). The skin model was scanned at a rate of up to 15 B-scans (2D

cross-sectional scans) per second (scan width = 2.0 mm). 2D images were analysed using

the imaging software ImageJ®. The scale of the image files obtained was 1 pixel = 4.2 μm,

thus allowing accurate measurements of the depth of MN penetration, the width of the pore

created, and the distance between the MN base plate and the stratum corneum. To allow

differentiation between MN and skin model layers false colours were applied using Ability

Photopaint® Version 4.14 (Ability Plus Software Ltd, Crawley, UK). In all instances, five

replicates were performed and > 5 MN measured for each replicate.

2.7. Statistical analysis

Where appropriate, data were analysed using a one-way analysis of variance (ANOVA),

with post-hoc comparisons using Tukey’s HSD test. In all cases, p<0.05 denoted

significance. Statistical Package for the Social Sciences, SPSS 18.0 Version 2.0 (SPSS Inc,

Chicago, IL, USA), was used for all analyses.
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3. Results

It was found that incorporation of the model solutes into the PMVE/MA matrix produced

MN arrays which were perfect replicates of the laser-engineered moulds. Fig. 2 shows SEM

images of the different PMVE/MA MN array designs under investigation during the first

stage of this study.

Analysis of Type 2 PMVE/MA MN arrays following incorporation of model solutes (Table

2) revealed that the actual drug content was 3.26 ± 0.12, 3.28 ± 0.09 and 3.27 ± 0.12 mg for

MN arrays containing theophylline, methylene blue and fluorescein sodium, respectively.

This equates to approximately 93% of the theoretical loading of 3.5 mg of drug per MN

device for these model drug substances. Similarly, insulin content was found to be 4.68 ±

0.06 mg (approximatey 94% of theoretical loading of 5.0 mg per array) and FTIC-BSA

content found to be 2.44 ± 0.13 mg (approximately 98% of theoretical loading of 2.5 mg per

array). Furthemore, the actual drug content per MN array did not differ between each of the

MN array designs (p>0.05 in all cases). Circular dichroism analysis (using a Jasco J-185

spectropolarimeter equppied with temperature controller, Jasco International Co. Ltd,

Tokyo, Japan, with CD spectra collected over the wavelength range of 200–400 nm, as

described previously [3]) of MN arrays containing insulin and FTIC-BSA also revealed that

incoporation into the PMVE/MA matrix did not affect the secondary structure of these

biomolecules (data not shown).

Table 3 illustrates the effect of MN design upon the % cumultative permeation of

theophylline, methylene blue and fluorescein sodium across dermatomed neonatal porcine

skin 6 h after MN application.

In general, it was found that an increase in MN height, at a constant density of 121

MNs/cm2, lead to an increase in the amount of all model drug substances delivered across

dermatomed neonatal porcine skin 6 h after MN application (p<0.05 in all cases). However,

preliminary studies involving application of these MN arrays to human volunteers revealed

that the application of MNs of 900 μm height was perceived to be relatively more painful

than MNs of a shorter length (data not shown). As such, a length of 600 μm was chosen as

the ideal MN height for evaluating the effect of MN density upon the permeation of

compounds across the skin from these MN devices. Similarly, it was found that an increase

in MN density led to an increase in the amount of all model drug substances delivered across

dermatomed neonatal porcine skin 6 h after MN application (p<0.05 in all cases). Overall,

for all model drug substances it was found that an MN array of 600 μm height and 361

MNs/cm2 (i.e. Type 2 MN design) led to the greatest extent of transdermal drug delivery. As

such, this MN array was chosen for subsequent incorporation of macromolecules insulin and

FTIC-BSA for evaluating the potential of PMVE/MA MNs for MN mediated, and MN

mediated iontophoretic transdermal drug delivery of peptide/protein agents.

It was found that, following MN application, there was a dramatic reduction in the electrical

resistance of the skin. In particular, immediatelty after MN insertion the skin electrical

resistance dropped from 21.76 ± 2.67 kΩ to 9.59 ± 0.85 kΩ, thus indicating the creation of

low resistance pathways for faciliated drug permeation. Futhermore, OCT analysis revelead
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that, when applied at a force of 11.0 N per array, these MN arrays penetrated to a depth of

approximately 460 μm and created pores of surface diameter approximately 215 μm within

the stratum corneum (Fig. 3A). Interestingly, it was found that, if these MNs were removed

immediately after application, as in the case of traditional ‘poke and patch’ MN techniques

[20], then the skin constricted such that the size of the pore remaining was significantly

reduced in comparison to the true depth of which the MN had penetrated (p<0.001). In

particular, it was found that the pore created within the skin post (< 30 s) MN removal had a

depth of approximately 260 μm and a surface diameter of approximately 120 μm (Fig. 3B).

Fig. 4 illustrates the permeation profiles of the model solutes across dermatomed neonatal

porcine skin from drug loaded soluble PMVE/MA MN arrays, with and without

combination with ITP.

As can be appreciated from Fig. 4, the combination of MN and ITP did not further enhance

the extent of small molecular weight solute delivery (theophylline, methylene blue, and

fluorescein sodium) from the drug loaded soluble PMVE/MA MN arrays, where between

approximately 70–80% of the incorporated drug was delivered from the MN device across

the skin 6 h after MN application. However, the extent of peptide/protein permeation was

significantly enhanced when ITP was used in combination with the soluble PMVE/MA MN

arrays. For example, it was found that the combination of anodal ITP (given that insulin will

be positively charged at the pH of the PMVE/MA formulation—pH 3.5) and MNs led to the

greatest enhancement in insulin permeation, in comparison to either MN (p<0.001) or ITP

(p<0.001) alone. In particular, the cumulative amount of insulin permeated across neonatal

porcine skin at 6 h was found to be approximately 150 μg (3.25%), 227 μg (4.85%) and 462

μg (9.87%) for ITP, MN, and MN/ITP delivery strategies, respectively. Similarly, the

combination of MN and anodal ITP (FTIC-BSA will be positively charged at pH 3.5) led to

a significant increase in the rate and extent of FTIC-BSA delivery from the PMVE/MA MN

array. The cumulative amount of FTIC-BSA delivered across neonatal porcine skin after a 6

h period was found to be approximately 110 μg (4.53%) for MN alone and 326 μg (13.40%)

for MN in combination with anodal ITP (p<0.001). Moreover, it is worth highlighting that,

assuming even distribution of drug between the MNs and the MN base plate, on a weight per

weight ratio of MNs to MN base plate, approximately 4.5% of the overall drug loading per

MN array should be contained directly within the MNs alone, with the other 95.5%

distributed throughout the MN base plate. As such, it appears that, for the delivery of

macromolecules, only the proportion of drug that is contained within the MNs themselves

permeates across the skin, with no further drug diffusing from the MN base, when the

insulin/FTIC-BSA loaded MN arrays are applied to the skin alone. It is evident, therefore,

from the in vitro permeation profiles of insulin and FTIC-BSA that the combination of ITP

and MNs enables further transdermal permeation of macromolecules distributed throughout

the MN base plate.

4. Discussion

Although there are a plethora of studies utilising MN arrays, of a wide variety of designs, for

transdermal drug delivery, only a small proportion of these have focused upon the role of

MN geometry in controlling the rate and extent of delivery achieved. Davidson et al.
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provided a comprehensive theoretical analysis of the influence of various MN parameters,

such as MN shape, MN diameter, thickness, spacing between needles, MN length

(representing skin penetration depth and not actual length of MNs) and coating depth (i.e.,

the distance from the tip that is coated with a drug film) on drug diffusion from coated MNs

and its skin permeation [21]. The results indicated that skin permeability was dependent on

MN penetration depth and needle centre-to-centre spacing whereas other factors did not

have significant effect on skin permeation. It was concluded that use of longer and more

densely arranged MNs would enhance skin permeability to a greater extent [21]. Apart from

theoretical assumptions, several studies provided practical experimental data regarding the

effect of MN geometry on skin permeation. Oh et al. investigated permeation of calcein

across full-thickness rat skin treated with solid polycarbonate MNs of varying heights (200

μm and 500 μm) and densities (45, 99 and 154 MN/cm2). The study demonstrated that an

increase in the height of MNs from 200 μm to 500 μm resulted in the 3.5-fold and 5.5-fold

increase in calcein permeation, respectively, in comparison to the control (no MN

treatment). In addition, it was observed that an increase in MN density from 45 to 154

MN/cm2 led to an increase in calcein permeation [22]. Li et al. who investigated MN-

mediated transdermal transport of human IgG across hairless rat skin in vitro reported that

IgG flux was increased approximately 4-fold when MN height was increased from 200 μm

to 500 μm. Moreover, a 10-fold increase in IgG flux was seen when the number of MNs

increased from 27 to 54 [23]. More recently, Yan et al. comprehensively evaluated the effect

of MN length and MN density upon the permeation of acyclovir across MN pre-treated

human epidermal membrane. Solid silicon MN arrays with different MN lengths (ranging

from 100 to 1100 μm) and MN densities (ranging from 400 to 11,900 MNs/cm2) were used

to penetrate epidermal membrane of human cadaver skin, and the skin electrical resistance

and flux of acyclovir across the pre-treated skin monitored. They reported that a linear

correlation between the acyclovir flux and the skin electrical resistance was observed. MN

arrays with longer needles (> 600 μm) were more effective at creating pathways across the

skin and enhancing drug flux. However, the authors found that there was an optimum MN

design (< 2000 MNs/cm2) above which acyclovir flux did not increase, but rather decreased.

This was attributed to the assumption that given that all MN array designs were applied to

the epidermal membrane at the same force (44.5 N for 10 s) the force to an individual needle

would be significantly smaller for MN arrays with high needle densities. As such, this may

result in a decreased penetration of high density MN arrays into the skin [24].

Whilst the studies above eloquently highlight the importance of MN design for transdermal

drug delivery enhancement, to date there has been no systematic investigation of the

influence of MN geometry on the performance of drug loaded, dissolving, polymeric MN

arrays which are designed to remain in contact with the skin during the period of drug

delivery. Furthermore, it has recently been proposed that the combination of skin barrier

impairment using microneedles coupled with iontophoresis may broaden the range of drugs

suitable for transdermal delivery, as well as enabling the rate of delivery to be achieved with

precise electronic control [13,16]. Whilst the combination of MN and ITP technology has

shown to lead to a synergistic enhancement in the transdermal delivery of a range of

molecules [13,15–17,25] no reports exist on the combination of ITP with in situ polymeric

MN delivery systems. As such, this study evaluated effect of MN geometry upon the rate of
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transdermal delivery of model solutes incorporated into soluble PMVE/MA MN arrays, with

the aim of selecting an optimum MN design for the combination of polymeric MNs and ITP

for enhanced macromolecular delivery in a one step process.

It was found that, for small molecular weight (< 500 Da) drug molecules (theophylline,

methylene blue and fluorescein sodium), all designs of the soluble PMVE/MA MN system

were capable of delivering not only the drug which was contained within the MNs

themselves, but also drug which had been incorporated into the MN base plate as well. For

example, following the application of Type 2 drug loaded MN arrays, the cumulative %

amount of the drug loaded into the whole MN device that was delivered within 6 h after MN

application was found to be approximately 82%, 80% and 73% for theophylline, methylene

blue and fluorescein sodium, respectively. Given that only approximately 4.5% of the

overall drug loading will be contained within the MNs themselves for the Type 2 MN

design, it is clear that the vast majority of the drug contained within the MN base plate was

capable of traversing the MN channels and across the skin. This finding would suggest that,

following MN insertion, this polymeric formulation is sufficiently hygroscopic to allow

extraction of skin interstitial fluid to liberate and mobilise the diffusion of small molecular

weight drugs contained in the MN base plate on the outer skin layer through the in situ MN

channels. A similar scenario has been reported before for soluble MN systems [26]. The

results of the in vitro drug release investigations from soluble PMVE/MA MN across

dermatomed neonatal porcine skin also revealed that the extent of transdermal delivery was

dependent upon the design of the MN array employed. It can be seen from Table 3 that

increasing MN height (within the range 350 to 900 μm) led to an increase in the extent of

transdermal drug delivery achieved 6 h after MN application. This is not surprising, given

the fact that an increase in MN height has previously been shown to lead to an increase in

the depth of MN penetration into skin [19]. It was also found that increasing MN density

from 121 to 361 MNs per array led to an increase in transdermal drug delivery of all three

solutes under investigation (Table 3). There are a number of factors that contribute to this

increase in drug delivery. We have previously shown that, when applied at a force of 11.0 N

per array, the laser engineered MN arrays used within this study of 600 μm height penetrate

to the same depth within neonatal porcine skin, irrespective of MN density [19]. As such,

given that drug molecules have been directly incorporated into the soluble PMVE/MA MNs,

following MN insertion into skin an increase in MN density would be associated with a

greater bolus drug deposition into the same skin layer during MN dissolution. Furthermore,

the increased number of microchannels created within skin by the higher density MN arrays

would facilitate the enhanced diffusion of the drug contained within the MN base plate

residing on the upper skin surface [22,24,26].

Overall, the in vitro permeation studies revealed that the Type 2 MN design (containing 361

MNs/cm2 of 600 μm height) resulted in the greatest extent of transdermal drug delivery. As

such, this design was evaluated for its potential in the MN mediated iontophoretic transport

of both small molecular weight drug molecules and peptide/protein macromolecules. It was

shown that the application of these MN arrays to skin caused the skin electrical resistance to

decrease from approximately 22 kΩ to approximately 9.6 kΩ. As such, the creation of these

pathways of low electrical resistance should facilitate enhanced drug permeation following
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the application of an electric current [13]. Whilst it was found that the combination of ITP

and MN did not lead to a further enhancement in the extent of small molecular weight drug

delivery achieved from the drug loaded soluble PMVE/MA MN array, it was found that the

application of an electric current significantly increased the extent of macromolecular

delivery from the PMVE/MA MN array. Wu et al. reported a similar finding, whereby

whilst the transdermal permeation of high molecular weight compounds through MN

induced channels could be increased through the combination of ITP, there was no

significant increase in the permeation of low molecular weight compounds that were

otherwise passively permeating to a high degree through the MN induced channels [16].

Interestingly, there was a notable difference in the permeation profile of the

macromolecules, insulin and FTIC-BSA, released from the PMVE/MA MNs in comparison

to the release of the small molecular weight compounds. In particular, although almost the

entire drug incorporated through the MN matrix was delivered in the case of small

molecular weight compounds, it was found that, for MN delivery alone, it appears that only

the quantity of insulin and FTIC-BSA that was contained within the MNs themselves (and

not the MN base plate) was released across the skin. A potential reason for this could be that

following MN insertion, the MNs embedded with the skin rapidly dissolve releasing their

macromolecular drug payload. Subsequently, the uptake of fluid by the PMVE/MA MN

array may lead to the formation of a gel plug residing within the created MN channels,

through which large peptide/protein agents may have a low diffusivity [3]. Importantly,

however, it appears that the application of an electric current to the drug loaded PMVE/MA

MNs enables efficient delivery of peptide/protein agents through these polymeric MN

channels. This may be due to a combination of direct electromigratory action on the drug

molecule (both insulin and FTIC-BSA are positively charged at the pH of the PMVE/MA

formulation—approximately 3.5) or, potentially, the establishment of an electro-osmotic

flow (in the anode to cathode direction) following current application may facilitate

enhanced hydration of the MN base plate thus enhancing the mobility of the incorporated

drug through the PMVE/MA MN matrix [27].

Whilst previous studies have demonstrated a synergistic enhancement in the transdermal

delivery of a wide range of drug species through the combination of MN and ITP

[13,15,16,25] there are a number of notable advantages of the use of drug loaded soluble

MN arrays. To date, MNs have only been utilised to puncture the skin, thus creating aqueous

pores of low electrical resistance, prior to the subsequent application of a drug loaded

formulation for ITP delivery. The necessity for a two-stage application when using this

approach may be combersome for clinicians, and patients, particularly given the importance

of ensuring that the drug loaded formulation is placed correctly over the porated skin area.

Furthermore, it has been shown in this study that the process of skin healing begins almost

immediately upon MN removal. In particular, the surface area of each pore created in the

stratum corneum was shown to be greater when MNs are kept in place within the skin, in

comparison to when MNs are used to merely puncture the skin and then removed, which

may facilitate enhanced macromolecular delivery when combined with ITP. As such,

dissolving drug loaded PMVE/MA MNs offer the potential for MN mediated iontophoretic

transdermal delivery of therapeutic peptide/protein agents in a one step approach. Moreover,

this study has shown that, whilst PMVE/MA MN arrays are capable of delivering the
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majority of small molecular weight compounds incorporated throughout its entire matrix,

only the proportion of macromolecules within the MNs themselves, and not the MN base

plate are delivered when MN are applied to the skin alone. Although it may be possible to

alter the manufacturing process such that peptide/protein agents are loaded only into MNs,

the addition of a more complex stage for MN production may slow its progression to

workable mass scale production techniques. Furthermore, it would then become essential to

conduct long term stability studies to ensure peptide/protein migration from the MNs to the

MN base plate did not occur upon production/storage. This study has shown that the

combination of ITP, a well established technique of which industrial processes for the

production of iontophoretic devices are already in existence, enables the more efficient

delivery of peptide/protein molecules that are incorporated throughout the entire MN base

plate matrix. Interestingly, given that further peptide/protein delivery from the MN base

plate only occurs in conjunction with the application of an electric current, this may offer the

possibility for the combination of dissolving drug loaded PMVE/MA MN arrays with ITP

for the pulsatile delivery of therapeutic peptide/proteins.

5. Conclusion

The present study highlighted, for the first time, the importance of MN geometry upon the

extent of transdermal drug delivery from drug loaded dissolving polymeric MN arrays. In

particular, it was found that an increase in MN height and MN density led to an increase in

the amount of drug delivered from dissolving PMVE/MA MN arrays. Furthermore,

incorporation of biomacromolecules into the PMVE/MA MN matrix did not adversely affect

the secondary structure of model peptide insulin or model protein FTIC-BSA.

Whilst MN pre-treatment of skin has previously been shown to increase the iontophoretic

mediated delivery of a range of compounds both in vitro and in vivo, this study has shown,

for the first time, the potential for ITP to be combined with polymeric MN devices that

remain in contact with the skin during the course of drug delivery. Furthermore, it has been

shown that the application of an electric current enables the permeation of macromolecules

from the entire MN array matrix, and not just that which was contained within the MNs

alone, thus significantly increasing the efficiency of peptide/protein delivery. As such, future

studies will focus upon the incorporation of iontophoretic components into polymeric MN

devices and their potential for efficient, electrically controlled pulsatile delivery of

macromolecules from drug loaded dissolving polymeric MN arrays.
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Fig. 1. Schematic illustration of experimental set up employed during iontophoretic
investigations.
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Fig. 2. SEM images of laser engineered PMVE/MA MN arrays, showing MN Type 1 (MN Height
350 μm, MN interspacing 300 μm) (1), Type 2 (MN Height 600 μm, MN interspacing 50 μm) (2),
Type 3 (MN Height 600 μm, MN interspacing 150 μm) (3), Type 4 (MN Height 600 μm, MN
interspacing 300 μm) (4), Type 5 (MN Height 900 μm, MN interspacing 300 μm) (5).
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Fig. 3. Representative OCT images of PMVE/MA MN penetration into dermatomed neonatal
porcine skin (A), and the pore created within the skin following MN removal (B).
Scale bar represents a length of 300 μm.
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Fig. 4. In vitro permeation profile of (A) theophylline, (B) methylene blue, (C) fluorescein
sodium, (D) insulin, and (E) FTIC-BSA from drug loaded soluble PMVE/MA MN arrays (Type
2) across dermatomed neonatal porcine skin, with and without the combination of ITP.
(Mean ± SD, n = 5).
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Table 1
Summary of MN array designs prepared for subsequent evaluation.

MN type MN height (μm) MN width at base (μm) MN interspacing at base (μm) MN density (MNs/cm2)*

1 350 300 300 121

2 600 300 50 361

3 600 300 150 196

4 600 300 300 121

5 900 300 300 121

*
MN density of 121 MNs/cm2 is equivalent to an 11 × 11 array, 196 MNs/cm2 equivalent to a 14 × 14 array, and 361 MNs/cm2 equivalent to a 19

× 19 array.
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Table 2
Actual drug content of the model solutes loaded into Type 2 PMVE/MA MN arrays.

(Mean ± SD, n = 5).

Drug Theoretical drug content (mg) Actual drug content (mg) % of theoretical drug content

Theophylline 3.50 3.26 ± 0.12 93.14 ± 3.43

Methylene blue 3.50 3.28 ± 0.09 93.71 ± 2.57

Fluorescein sodium 3.50 3.27 ± 0.12 93.43 ± 3.43

Insulin 5.00 4.68 ± 0.06 93.60 ± 1.20

FTIC-BSA 2.50 2.44 ± 0.13 97.60 ± 5.20
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Table 3
% Cumulative amount of model solutes permeated across dermatomed neonatal porcine
skin from drug loaded PMVE/MA MN arrays.

(Mean ± SD, n = 5).

Variable Cumulative % permeated at 6 h

Theophylline Methylene blue Fluorescein sodium

MN height (μm) *

350 52.75 ± 1.48 49.07 ± 1.82 38.39 ± 2.77

600 65.19 ± 2.63 63.38 ± 2.53 54.68 ± 4.61

900 72.48 ± 3.01 71.21 ± 1.97 62.51 ± 5.13

MN Density (MNs/cm2) **

121 65.19 ± 2.63 63.38 ± 2.53 54.68 ± 4.61

196 73.67 ± 2.91 69.82 ± 1.93 67.06 ± 3.85

361 82.14 ± 3.15 79.65 ± 2.77 73.19 ± 2.99

Control patch 3.52 ± 0.87 3.36 ± 0.59 2.27 ± 0.48

*
Constant MN density of 121 MNs/cm2.

**
Constant MN height of 600 μm.
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