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Introduction

Most of active substances in cosmetics, especially macromolecules, however, do not penetrate into the skin at effective dose due to the biological barrier imposed primarily by skin’s outermost layer, stratum corneum (SC).  To overcome this barrier, microneedle delivery system is another approach to enhance the skin penetration by disrupting SC layer.  Dissolving microneedle (DMN) arrays are the lasted trend for delivering cosmetic active compounds.5,12 They function by creating micropores on the skin, followed by dissolution of DMNs upon contacting with the skin’s interstitial fluid and release of active substances.  Majority of materials used for DMN fabrication are polymers, both synthetic polymers and biopolymers, due to their biocompatibility, biodegradability and long established safety profiles.  Examples of synthetic polymers used in the fabrication of DMN include polyvinylpyrolidone (PVP), polylactic acid (PLA) and polyglycolic acid (PGA).12 MN fabricated with biopolymers such as sodium hyaluronate, carbohydrates, chondroitin sulfate, and collagen also have been reported.12 Collagen is a composition in various parts of the human body, especially the skin.  Collagen functions for water-holding and elasticity of the skin.6 As the body ages, collagen content decreases and this results in wrinkled skin.  Since collagen is a macromolecule, topical application may not lead to its penetration passing SC, so cosmetic collagen has been performed using syringe injection.11 Though this method has been proven to be effective, self-administration is not possible.  Thus, using collagen as a core component of DMN will provide painless self-administration of collagen for cosmetic advantages and also a possibility to be a carrier for cosmetic and pharmaceutical active substances. 
The goal of this study was to develop DMN arrays from materials with cosmetic functions.  DMN arrays were consisted of collagen, as a base matrix, and one of three film-forming polymers, polyvinyl alcohol (PVA), hydroxypropyl methyl cellulose (HPMC), and pullulan, in different ratios to modify the mechanical strength of DMN arrays.  The solvent casting with two drying conditions was used and compared.13 In vitro and ex vivo methods to evaluate the piercing ability of DMN arrays into the skin were performed.
Methods

Preliminary study for DMN formulation
Combinations of collagen (Fish collagen, MW<1000 Da) with film-forming polymer, PVA (MW 130000), HPMC (viscosity12-18 mPa.s 2% in water), pullulan (MW 10000), were prepared as dehydrated formulations and investigated their possibility for forming DMN arrays.  Moreover, two drying methods were performed to find out an appropriate dehydrating protocol.  The dehydrated film was prepared as follows 15%w/w solution was prepared by dissolving collagen and polymer, in different ratios, in deionized water and shaking with speed 7.5 rev/min overnight.  Then, the solution was weighted and poured into the template.  It was dehydrated either by the fuming hood under ambient condition (27-32°C, 60-75% RH) or by the hot air oven at the controlled condition (37-40°C, 40-50% RH).7 The residual weights were recorded at 0, 12, and 20 hours and the physical appearance was observed by visualization.  The formulations, which could form continuous films without brittleness, were further investigated.

Fracture Force
These selected formulations were fabricated into DMN arrays by polydimethylsiloxane (PDMS) template and the mechanical strength of DMN arrays was analyzed by Universal Testing Machine (Shimadzu EZ-S).  DMN array was placed on a flat aluminium plate with the needle tips upward.  The stainless steel cylindrical probe provided an axial force to the needle tips with speed of 0.1 mm/sec.  The force analyzer recorded the force required until a present force of 100 N was reached.
Ex vivo skin penetration
A porcine skin was cut into 5x5 cm2 and placed on a paraffin plate.  The microneedle array was applied onto the porcine skin using a force approximately 30 N for 5 minutes and then removed.10,14 The perforations created by the microneedle array were stained with 0.4% trypan blue solution for 10 minutes and an excessive trypan blue solution was wiped off with 70% ethanol.3  The stained porcine skin and the residual DMN array, after punctuating, were visualized by 40x microscope.
Results

Preliminary study for DMN formulations
As in Figure 1, combinations of pullulan or HPMC and collagen at any ratios could not form continuous films and brittle glass or amorphous powder was observed in all ratios.  Only the formulations with PVA and collagen in certain ratios, 15:85, 20:80, and 25:75, could form flexible, yet rigid films.  The appearance of PVA-collagen films drying by fume hood or hot air oven looked slightly different, but both drying methods gave a similar drying rate and the similar residual weight in the final films, as demonstrated in Table 1.  
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Figure 1 The appearance of films after drying by a) the fume hood at 27-32°C,60-75%RH (a1-a18) and b) the hot air oven at 37-40°C,40-50%RH (b1-b18)

Table 1 The percentage of residual weight after drying by the fume hood or the hot air oven

	PVA:Collagen Ratio
	Percentage of residual weight after drying (%)

	
	Fume hood
	Hot air oven

	
	0 hr
	12 hr
	20 hr
	0 hr
	12 hr
	20 hr

	15:85
	100.00
	27.44
	14.31
	100.00
	26.52
	14.00

	20:80
	100.00
	27.67
	15.13
	100.00
	27.40
	15.44

	25:85
	100.00
	26.22
	15.08
	100.00
	25.82
	15.06


Mechanical analysis of dissolving microneedles
Polymeric DMN arrays should have a sufficient mechanical strength for penetrating into the skin without mechanical failure.  Mechanical characteristics of DMN array was evaluated using compression mode, which continuously recorded the compression force and stroke.  The fracture forces of DMN arrays made from collagen:PVA at ratios of 15:85, 20:80, and 25:75 were shown in Table 2.  Since the previous studies reported that the minimum force required for skin penetration was 0.058 N, DMN arrays of PVA:collagen only at ratios of 20:80 and 25:75 demonstrated higher failure forces than the force needed for DMN insertion.2,4
Ex vivo skin penetration
Ex vivo penetration ability was evaluated by piercing the DMN array on a porcine skin and the patterns of DMN arrays were photographed as shown in Table 2.  A few stained micropores were detected after piercing the DMN of PVA:collagen 15:85 and this residual DMN showed buckling on tips.  We observed more stained micropores clearly from DMN array of PVA:collagen 20:80 and its needle tips looked blunt and shortened.  The DMN array of PVA:collagen 25:75 showed less stained spots than that of 20:80 ratio and the mix between shorter needle tips and bending needle tips was found.
Table 2 The fracture force of DMN arrays and images of the stained porcine skin (a-c) and DMN arrays (d-f) after piercing 


Discussion

In this study, the DMN arrays were developed with combinations of collagen and a film-forming polymer.  Our early result exhibited that brittle and defective film was obtained when it was composed of collagen only, so it was less possible to fabricate functional DMN array with collagen alone.1,11 This observation also confirmed by Sun, et al. that increasing collagen content in DMN array resulted in more defective needles.11 Hence, a film-forming polymer was added partially in DMN formulations to increase flexibility and the mechanical strength of films and DMN arrays.  In this study, three film-forming polymers were examined (PVA, HPMC, and pullulan) at various ratios.  We have found that PVA combinations were better at forming films than HPMC and pullulan in the same controlled conditions.  Although, HPMC and pullulan are used as film formers in many pharmaceutical products, when combined with large portions of collagen, their film-forming property might not be enough to hold collagen in spread films. PVA: collagen combinations were fabricated into DMN arrays and studied for the mechanical strength.
To determine whether DMN arrays were strong enough to be inserted into skin, the fracture force and ex vivo penetration test were performed.  Kim, et al. found that the force required for penetration without fracture of DMN was 0.058 N.2 Thus, DMN arrays of PVA:collagen only at ratios of 20:80 and 25:75 demonstrated a sufficient mechanical strength for penetrating into the skin.  We observed stained micropores from DMN array of PVA:collagen 20:80 more obvious than those of 25:75 ratio.  This result was similar to the reported work from Raphael, et al.9 They made DMN from carboxymethyl cellulose (CMC) and sugars and found that the higher amount of film-forming polymer, CMC, resulted in more ductile DMNs. However, a rigid structure and a resistance to bending during administration are crucial for skin penetration, the suitable ratio of DMN core material and film-forming polymer has to be achieved.  Moreover, the correlation between the fracture force and ex vivo skin penetration ability was found.  The higher fracture force, the more rigid DMN tips and the more penetration ability.  The DMN array with high fracture force tended to penetrate into the skin rather than bending as observed in the DMN array of PVA:collagen 20:80.  If the DMN array has not enough mechanical strength, it contributes to buckling tips which are not inserted into the skin as detected in the DMN array of PVA:collagen 15:85.  
Conclusion

This study demonstrated that DMN arrays can be made from collagen and film-forming polymer at ambient temperature.  In vitro fracture force and Ex vivo skin penetration studies showed similar results that DMN arrays of PVA:collagen at 20:80 and 25:75 ratios had sufficient fracture forces and were able to penetrate into the porcine skin effectively.  These DMN arrays have a potential to overcome the SC barrier and be further developed for delivery cosmetic active ingredients to epidermis or dermis.
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