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ABSTRACT

Purpose Copper peptide (GHK-Cu) plays an important role in
skin regeneration and wound healing. However, its skin absorp-
tion remains challenging due to its hydrophilicity. Here we use
polymeric microneedle array to pre-treat skin to enhance GHK-
Cu skin penetration.

Methods Two in vitro skin models were used to assess the ca-
pability of microneedles in facilitating skin delivery of GHK-Cu.
Histological assay and confocal laser scanning microscopy were
performed to characterize and quantify the microconduits created
by the microneedles inside skin. Cellular and porcine models
were used to evaluate the safety of microneedle-assisted copper
peptide delivery.

Results The depth and percentage of microneedle penetration
were correlated with application forces, which in turn influenced
the extent of enhancement in the skin permeability of GHK-Cu. In
9 h, 134+ 12 nanomoles of peptide and 705 = 84 nanomoles of
copper permeated though the microneedle treated human skin,
while almost no peptide or copper permeated through intact
human skin. No obvious signs of skin irritation were observed
with the use of GHK-Cu after microneedle pretreatment.
Conclusions It is effective and safe to enhance the skin
permeation of GHK-Cu by using microneedles. This ap-
proach may be useful to deliver similar peptides or minerals
through skin.
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ABBREVIATIONS

AAS Atomic absorption spectroscopy

DMEM Dulbecco’s modified Eagle’s medium

DMSO Dimethy! sulfoxide

GHK Glycyl-L-histidyl-L-lysyl

GHK-Cu  Copper peptide

HaCaT Human adult low calcium high temperature

HDF Human dermal fibroblasts

HPLC High performance liquid chromatography

MN Microneedle

MSS Microchannel Skin System

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoli-
um bromide

PBS Phosphate buffered saline

INTRODUCTION

Glycyl-L-histdyl-L-lysyl (GHK) is a naturally occurring carri-
er tripeptide with high affinity for copper 1ons. GHK was first
1solated from human plasma by Dr L. Pickart because of its
activity to prolong survival of normal liver cells (1).
Subsequently, researchers found that GHK-Cu can stimulate
the synthesis of extracellular matrix macromolecules, such as
collagen and glycosaminoglycan (2—4). It can activate the pro-
duction of metalloproteinases and anti-proteases that remove
damaged proteins from the extracellular matrix macromole-
cules (5). GHK-Cu was also found to increase decrorin expres-
sion and decrease TGF-beta expression, which is beneficial for
a scar-free healing (6,7). The increased expression of p63 of
keratinocytes by both GHK-Cu and GHK suggests that
GHK and its copper complex can promote the survival of
basal stem cells in skin (8,9). These contribute to the wound-
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healing and skin remodelling effects of GHK-Cu (2,10-14).
The biochemical action of GHK and GHK-Cu on skin cells
were summarized in SI 1. Recent genomic studies revealed
that GHK can directly modulate the expression of a large
number of human genes and reverse gene expression to a
healthier state, which may explain the diversity of'its biological
actions (15—17). Furthermore, i vivo studies showed that
GHK-Cu can improve hair growth, skin regeneration and
wound healing (10).

Minerals are essential for human health and mineral sup-
plementation is recommended to complement dietary intake.
Supplementation of minerals via oral route is the most com-
mon way. However, oral mineral absorption is affected by
many factors including interactions with other dietary compo-
nents in the gastrointestinal tract (18). Gastrointestinal side
effects have also been reported with oral ingestion of some
minerals, such as copper and iron. In addition, oral liquid
forms of iron supplementation may cause teeth stains (19).
To this end, transdermal delivery of minerals may be a useful
alternative but remains largely unexplored. Copper as an es-
sential trace element plays a critical role in diverse biological
processes, such as haemoglobin synthesis and the stimulation
of skin biomarkers including collagen and elastin (20). Copper
also has an important role in the activation of key enzymes
specific to tissue repair and in the cross-linking and maturation
of collagen in healing wounds (19). Because of the gastrointes-
tinal irritation that oral intake of copper can cause, transder-
mal delivery of copper can act as a good alternative, although
skin absorption of charged ions is very low (21,22). It was
found that when GHK 1is coupled with copper, the peptide
silences the redox activity of copper, hence permitting the
delivery of copper in a non-toxic form that can be subsequent-
ly utilized by the cells (8,23).

Although its biological actions start at picomole level, far
higher dosages have been used in clinical trials, since the
GHK-Cu uptake levels are very low through skin. On the
other hand, if GHK-Cu is injected intradermally, GHK is
rapidly cleared (95% clearance in 1 min). The fragility and
rapid breakdown of GHK is the major obstacle for clinical
and cosmetic applications (24). In clinical trials involving
GHK-Cu, large variations were observed and its efficacy to-
wards the healing of indolent human wounds or skin ulcers
were not found (10,25,26). To address the concerns, a variety
of chemical modification to GHK has been carried out to
produce breakdown-resistant copper complexes, but none
were found better than GHK-Cu (10).

The low uptake of GHK-Cu by skin is a common problem,
similar to many other peptides and molecules. This is as the
skin naturally functions to protect the human body from the
external environment. So the molecules that can be delivered
though skin are limited. As a general rule, only hydrophobic
molecules with a molecular weight less than 500 Da are able
to passively diffuse through the skin (27). GHK-Cu with a log

P of —4.5 can represent hydrophilic peptides that have diffi-
culty in penetrating into skin (11). Because of the diverse bio-
logical effects of GHK-Cu, along with its potential as a source
of copper supplementation, it is of interest to find out a meth-
od to enhance its skin absorption.

To this end, we propose the use of microneedles, a mini-
mally invasive but effective skin permeation enhancement
method, to facilitate the effective and sustained delivery of
GHK-Cu through skin. If an effective skin uptake of GHK-
Cu is possible in a sustained manner with microneedle pre-
treatment, GHK-Cu is expected to better fulfil its biological
effects.

Microneedles with lengths in the micron ranges can en-
hance skin permeability with no pain by breaching the stratum
corneum layer of skin with self-administration (28). It has been
shown that microneedles are associated with a lower risk of
microbial infection than hypodermal needles (29). There are
different methods of drug delivery to skin with microneedles,
and microneedle pretreatment followed by a topical formula-
tion has the advantage of possible extended release (30).
Studies have shown that pretreatment of skin with
microneedles can enhance delivery of topically applied formu-
lations (31,32), including peptides (33).

In this study, we investigate the effectiveness of a commer-
cial microneedle product, i.e., 3M™ Microchannel Skin
System (MSS), in enhancing the skin permeability of copper
peptide, using both rat and human skin models. Since MSS is
hand-applied by using an applicator, the effect of different
application forces was studied. In addition, we also carried
out cell and animal testing to verify its safety.

MATERIALS AND METHODS
Materials

The 3M™ Microchannel Skin System (MSS) is illustrated in
Fig. 1a. The plastic microneedle patch comprises of a rectan-
gular grid of needles (13 by 27 array, or 351 needles) centred
on an oval array. The microneedles have square pyramidal
shape with a needle height of about 700 pm and a tip-to-tip
needle spacing of 500 pm. GHK-Cu and GHK were
purchased from McBiotec, Nanjing, China. The ratio
of GHK to Cu is 2:1 (manufacturer data). Copper stan-
dard solution (1 g/L), and trypan blue solution (0.4%) were
purchased from Sigma-Aldrich, Singapore. Concentrated ni-
tric acid (69% w/w) was purchased from VWR International
S.A.S, Singapore. Rhodamine B was purchased from Alfa
Aesar (Lancaster, UK). Phosphate buffered saline (PBS)
(pH 7.4, 10X) was obtained from Vivantis, Malaysia. PDMS
(Sylgard® 184 Silicone Elastomer Kit) was purchased from
Dow Corning (Midlan, MI, USA). Solvable™, an aqueous
based tissue solubilizer, was purchased from PerkinElmer
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Fig. I Depth of microneelde a
penetration measurement. (a)
3M™ MSS microneedle array and
the individual needles. (b)
lllustration of microneedle
application with an applicator. (c)
Indirect measurement of depth of
penetration using rhodamine
B-coated micrroneedles. The yellow
line shows the depth of penetration.
(d) Confocal image showing the
fluorescent pattern of a single
microchannel after microneedle
application. (e) Histological section
of rat skin stained with hematoxylin
and eosin after microneedle
application. The yellow arrow shows
the breach of epidermis. (f) Depth
of penetration against force of
microneedle (MN) application.

(Watham, MA, USA). Pierce® BCA protein assay kit
was purchased from Thermo Scientific (Rockford, IL,
USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoli-
um bromide (MTT) and dimethyl sulfoxide (DMSO)
were purchased from MP Biomedicals, Singapore.
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum were purchased from Life Technology,
Singapore. Penicillin streptomycin solution was purchased
from PAN-Biotech GmbH, Germany. All chemicals were
used as supplied.
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Skin and Microneedle Application

Human dermatomed skin was obtained from Science Care
(Phoenix, AZ, USA). The skin tissues were excised from the
thighs of Caucasian female cadaver, who died at the age of 92.

Besides human skin, rat skin was also chosen for the  vitro
skin permeation and penetration study. Skin of rodents, in-
cluding rats, is the most commonly used for in vitro
percunaeous permeation studies because of its availability
(34). Rat abdominal skins were obtained from National
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University of Singapore Comparative Medicine through the
tissue sharing program. The hair on rat skin was removed by
an electrical shaver followed by hair removal cream (Veet®)
application and removal after 2 min. Subcutaneous fat and
connective tissues were also trimmed off (35).

A 6 mm thick PDMS substrate was used to support the skin
for microneedle application as reported (36). The skin was
spread over the PDMS substrate mounted on a Styrofoam
board with epidermis side up. A microneedle array was then
put on the skin sample. Four different forces were applied
through the applicator (Fig. 1b) at 4.5, 10.0, 13.3 and
22.2 N for 10 s, respectively, using a force gauge (HF-10,
JISC, Japan).

The use of animal skin was approved by the National
University of Singapore Institutional Animal Care and Use
Committee. The use of human skin was approved by the
National University of Singapore Institutional Review
Board.

Depth of Microneedle Penetration Measurement

Microneedles were first primed with oxygen plasma in a plas-
ma cleaner (Harrick Plasma, US) for 3 min to render them
hydrophilic. The arrays were then flood-coated with 70 pl of
0.1% w/w rhodamine B solution and dried at 35°C for 1 h.
The rhodamine B coated arrays were then applied with a
force of 4.5, 10.0, 13.3 and 22.2 N for 10 s respectively on
rat and human dermatomed skin samples. The depth of pen-
etration was measured indirectly by recording the distance
from the tip of the microneedles to the boundary where the
rhodamine B coating was wiped off after skin insertion (31).
To analyze the penetration depth of the microneedles, the
microneedles were imaged using a stereoscopic microscope
(Nikon SMZ25, Japan). The depth of penetration for each
array was then determined by measuring 35 out of the total
351 microneedles per array. Three arrays were tested for each
force.

Confocal laser scanning microscopy was used to visualize
the micro-conduits created in rat skin placed on a piece of
glass slide. The scanning started from the stratum corneum side,
through the z-axis of the microscope (A1R+s1, Nikon, Japan)
at 10X magnification. The excitation wavelength was 562 nm
and fluorescence emission was at 570-620 nm for rhodamine
B.

Histological Examination

Histological examination of rat skin was carried out by cutting
the microneedle treated skin samples into 10 pm sections
using a Microcryostat (Leica, Germany). The histological sec-
tions were stained with hematoxylin and eosin and imaged
using a microscope (Olympus, Japan).

Percentage of Penetration Measurement

The percentage of penetration was tested using trypan blue
coated microneedles. Microneedle arrays were first treated
with oxygen plasma for 3 min, flood-coated with 70 pl of
trypan blue solution and then dried at 35°C for 1 h. After
application of a microneedle array with the specified force
on skin, the skin was cleansed with water. Application sites
were then imaged by using the stereoscopic microscope. The
visible insertions were counted and the percentage of penetra-
tion (the number of stained dots divided by the total number
of array microneedles) was calculated. At least 3 replicates
were performed at each force.

In Vitro Skin Permeation Study

Vertical Franz diffusion cells with an effective exposed area of
1 em? were used. The pretreated skin samples were mounted
onto Franz diffusion cells with epidermis facing up. The intact
skin was used as control. The donor cell contained 2 ml of
5.8 mM (GHK),Cu (the molar ratio of GHK to Cu in the raw
material was 2 to 1) solution while the receptor cell contained
4.8 ml of 1 X PBS. The cells were placed inside a chamber with
temperature controlled at 32°C (comparable to the physiolog-
ical temperature of the skin surface). Magnetic stirrers in the
receptor cells stirred at a speed of 100 rpm. The receptor
solutions were withdrawn at pre-set time intervals and re-
placed with fresh ones. The receptor solutions were subjected
to the measurement of copper permeated through the skin by
atomic absorption spectroscopy (AAS) and the measurement
of peptide permeated by high performance liquid chromatog-
raphy (HPLC). At completion, the skin surface was washed by
rinsing the donor and receptor compartments with 1 ml water
3 times, respectively. The skin was then removed from the
diffusion cells, dried with Kimwipes and collected into
Falcon tubes for the measurement of copper retained in skin
by AAS (37). Three replicates were conducted for each group.

AAS Method

Copper concentrations were determined by using an atomic
absorption spectrometer (PinAAcle 900T, PerkinElmer) with
acetylene flow rate of 2.5 L/min and compressed air flow rate
of 10 L/min. The instrument was calibrated with Cu working
standards (1.57-62.95 uM) made from Cu stock standard
solution (1 g/L) with 2% nitric acid as the diluent. Diluted
permeation samples collected from receptor solutions were
then aspirated into the air/acetylene flame where Cu atoms
absorb light of 324.75 nm. All readings of standards and sam-
ples were conducted with the instrument in the absorbance
mode. To digest skin tissues prior to analysis, concentrated
nitric acid was used, as previous studies have shown that it
quantitatively releases trace elements from biological tissues
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(38). Nitric acid of 2.5 ml was added to each of the Falcon tubes
containing skin samples and heated at 80°C using a thermo-
static water bath until complete digestion of the skin samples
(38). After that, they were topped up to 10 ml using deionized
water and filtered using 0.22 um polytetrafluoroethylene
membrane. The filtered solution was used for the measure-
ment of the amount copper retained in skin.

HPLC Method

The amount of GHK permeated was determined by using
Hitachi L.2000 LaChrome Elite HPLC system with Agilent
Bio SCX NP3 column (50 mm % 4.6 mm, 3 pum). The mobile
phase consisted of Mobile A (Millipore water) and Mobile B
(10 mM NaH,PO, with 0.5 M NaCl) with a gradient elution
program with a mixture of solvents A and B as follows: 0% B
for 1 min, 1-100% B for 1-5 min, 100% B for 5—8 min, 100—
0% B for 8-8.1 min, and 0% B for 8.1—11 min. The flow rate
was set at 0.5 ml/min. The injection volume was 20 pl for
each sampling and ultraviolet detection was performed at a
wavelength of 218 nm. A calibration curve was conducted
using GHK standard solution from 1.18 to 587.58 pM.

Skin Total Protein Determination

Skin samples were put into a 2 ml tube with 1.5 ml Solvable™
added. Then the tube was heated at 60°C for 4 h to allow the
completely dissolution of skin. The total protein level of skin
was determined by using a Pierce® BCA protein assay kit
after the skin digestion solution was diluted appropriately with
water.

Cytotoxicity Assay of GHK-Cu on Skin Cells

The cytotoxicity of different concentrations of GHK-Cu
against human adult low calcium high temperature
(HaCaT) keratinocytes and human dermal fibroblasts (HDF)
were studied by MT'T assay in 6 replicates. Briefly, 5000 cells
in 200 pl culture medium (DMEM supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin solution)
per well were seeded into 96-well plates and incubated for
24 h. The culture medium was then removed. Subsequently,
180 pl fresh culture medium and 20 pl of GHK-Cu samples
(0.058-58,000 uM (GHK),Cu in PBS) were added per well
and incubated for 24, 48 and 72 h, respectively. For control
group, 180 pl fresh culture medium and 20 pl of PBS were
added. At the respective analysis point, the medium was re-
moved. The wells are washed with 200 pl PBS and
replenished with 200 pl fresh medium per well. Twenty pl
MTT solution (5 mg/ml in PBS) was added to each well, after
which the plates were incubated for an additional 4 h. The
supernatant was then removed and formazan crystals were
solubilized in 150 pl DMSO. Absorbance was recorded at
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595 nm with a microplate reader (Tecan, Switzerland). Wells
containing DMSO alone were used as the blank. Percentage of
cell viability was expressed as (Agample=ApMso)/
(Acontrol=ApMso) X 100%.

In Vivo Irritation Test on Pigs

Young adult swine (Yorkshire X), ranging from 10 to 40 kg
were used for the study. The animals were first sedated with
ketamine (10 mg/kg) and then anesthetized with isoflurane
gas. Atropine was administered to reduce salivary, tracheo-
bronchial, and pharyngeal secretions. The ham area of pigs
was shaved with an electrical shaver followed by a disposable
shaver. The microneedles were applied on the skin with a
hand force of around 20 N (estimated by using the force
gauge) for 10 s. Then the skin was observed for irritation
and imaged with time. In another testing, immediately after
microneedle treatment, the application site was covered by
gauze saturated with GHK-Cu solution, then fixed with plas-
ter. After 8 h, the gauze was removed and the skin was im-
aged. The studies were repeated on 3 to 4 pigs. The pigs were
later recovered. The procedure for animal testing was ap-
proved by the National University of Singapore Institutional
Animal Care and Use Committee.

Statistical Analysis

All results were presented as meantstandard deviation.
Statistical analysis was performed by one-way analysis of var-
1ance followed by Tukey post hoc test using IBM SPSS Statistics
19. A probability value of p<0.05 was considered statistically
significant.

RESULTS
Depth of Microneedle Penetration

In Fig. lc, the yellow line indicated the distance from
the tip of the microneedles to the boundary where the
rhodamine B coating has been wiped off after skin in-
sertion. The value of the distance was taken as depth of
penetration of microneedles. Figure 1d showed the direct
measurement of the depth of penetration using confocal laser
scanning microscopy by measuring the depth of the
microneedle fluorescence pattern inside the skin. The depth
of penetration associated with an application force of 13.3 N
on rat skin was measured to be 130 pm with direct
measurement and 146 pm using indirect measurement.
It was found that the results obtained from indirect
depth of penetration measurement method had no dif-
ference from those obtained by direct measurement
method (p>0.05). Hence, the indirect method was used
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for this study for its convenience. Furthermore, Fig. le
further ascertained the presence of microscale passages
created by microneedles inside the rat skin. Figure If
showed that the depth of penetration of microneedles
increased linearly with application force both on rat
(*=0.9977) and human (*=0.9758) skin samples in
the tested force range from 4.5 to 22.2 N.

Percentage of Penetration

The percentage of microneedle penetration in rat skin was
measured using trypan blue coated microneedles. Figure 2a
and b shows the representative image of rat skin, human
dermatomed skin after application of trypan blue-coated
microneedles at 22.2 N, respectively. The blue dots that
remained on the skin indicated the successful penetration of
microneedles into skin. The number of the blue dots was used
to calculate the percentage of penetration per microneedle
array. Figure 2c¢ showed that a higher force of microneedle
application resulted in a higher percentage of penetration.
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Fig. 2 Percentage of penetration. Representative images of 22.2 N MN
application force on rat skin (@) and human dermatomed skin (b). (c) Percent-
age of penetration against force.

The increase in force of microneedle application on rat skin
resulted in a sharper increase in the percentage of penetration
as compared to that on human dermatomed skin. The highest
force of 22.2 N made the percentage of penetration to be
almost 100% on rat skin and 30% on human dermatomed
skin.

In Vitro Skin Permeation Study

To assess the enhancing effects of the microneedles for GHK-
Cu to permeate through skin at different forces of application,
we performed m vitro drug permeation study. Upon topical
administration, the copper ions are subjected to dynamic li-
gand exchange inside skin (37). Therefore, quantitative assess-
ment of skin penetration of GHK-Cu is challenging. Hence,
we analysed the permeation of copper and GHK separately
by using AAS and HPLC. Figure 3a and b showed that the
amounts of copper and peptide permeated through rat skin
were significantly increased after microneedle pretreatment.
Figure 3¢ and d showed that for non-treated human
dermatomed skin, there was no peptide detected in the recep-
tor solution, while only trace amount of copper was detected,
which may be from the skin itself (data not shown). With the
microneedle pretreatment, copper and peptide were detected
in the receptor solution. However, substantial high amounts of
copper and peptide were detected only when a high force
(22.2 N) was used.

Figure 4 showed that there was no significant difference in
the amount of copper retained in skin samples after 9 h’ per-
meation study among the microneedle pretreated skin
samples and the control at various forces. However, significant
difference was found between rat and human skin.

Cytotoxicity Assay of GHK-Cu on Cells

Figure 5 showed that (GHK),Cu was not toxic to either
HaCaT keratinocytes or HDF cells in the range of 0.0058—
5800 pM. Besides, GHK-Cu at 5800 uM showed certain
stimulatory effect on HDF proliferation. Other research
groups have also shown that GHK-Cu can stimulate the
growth of dermal fibroblasts (39,40).

In Vivo Irritation Test on Pig Skin

For blank microneedles, minimal erythema was observed
immediately after removal of microneedles. Mild erythe-
ma was observed at 5 min but almost not visible after
25 min (Fig. 6a). For GHK-Cu application immediately after
microneedle pretreatment, no erythema or edema was ob-
served for 8 h (Fig. 6b).
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Fig. 3 In vitro skin permeation a b
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DISCUSSION

Microneedles can painlessly enhance the skin permeation of a
wide range of therapeutic compounds which barely penetrate
human skin (30). It has been reported that the microneedle
application force can influence its enhancing effect (41-44). In
this study we evaluated the skin permeation of topical GHK-
Cu n vitro using a microneedle array from 3M Company. The
3M™ MSS is designed for manual application with a plastic
applicator. The application forces tested were: 4.5 N (low),
10 N (medium), 13.3 N (medium) and 22.2 N (high).

Fig. 4 Cumulative amount of 700 -
copper retained in skin after 9 h
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refers to the skin that was not used
. ) 500 -
in permeation study.
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To study the depth of needle penetration, two approaches
have been used. One is the direct measurement of the
microchannels inside skin by confocal laser scanning micros-
copy and the other is the indirect measurement. In the indirect
measurement, the depth of penetration was obtained by mea-
suring the length of needle tip where rhodamine B dye was
wiped off (31). But the coating procedure of rhodamine B onto
the microneedles was complicated. To simplify the
microneedle coating procedure, we treated the
microneedles with oxygen plasma, which was found to
be very effective for rhodamine B coating.

LALL

MN, 45N MN, 10.0 N MN, 13.3 N MN, 22.2 N

O Rat skin

Control
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Fig. 5 Cytotoxicity study. Viability a
of HaCaT keratinocytes (a) and 120 -
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The linear relationship between depth of penetration and
microneedle application force indicates that these two factors
are strongly correlated. However, we cannot assume that the
linearity will be the same when the force is out of the range
(<4.5 N or >22.2 N) (45). The force range would be from 13
to 63 mN/needle in our study if converted to force per needle.
Some of these forces are even lower than the insertion forces of
reported microneedles. For example, Park e/ al. reports

Fig. 6 Representative images of
in vivo irritation test on pig skin. (@)
The skin conditions after MN
application. (b) The condition of
MN pre-treated skin, followed by
application of 5.8 mM copper
peptide for 8 h. The marked
rectangle area indicated the
microneedle treated area.

0.0058 0.058 0.58

5.8 58
(GHK),Cu concentration (uM)

580

measured microneedle insertion force of 37 mIN with a tip
20 um in diameter (46). It indicated that our microneedle
array had a high efficiency for skin insertion.

To study the percentage of penetration, trypan blue coated
microneedles were used. Trypan blue is known to specifically
stain the sites of stratum corneum perforation (47). A common
procedure is to treat the skin first with microneedles, and then
transfer trypan blue solution on the treated area for targeted
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staining (42,47). However, we found that wrinkles and hair
follicles can also be easily stained. Besides, trypan blue solution
has limited contact with skin surfaces to ensure staining of all
the microchannels because of the hydrophobic nature of skin
surfaces. To solve this problem, we coated trypan blue directly
onto the microneedles and then conducted the penetration
test on skin. The false staining on the skin surface was then
wiped off with water. With the new method, we can easily get
clear staining images indicating the successful penetration of
microneedles.

The results showed that with a higher force, the percentage
of penetration increased. However, the effects were different
on rat and human skins. Rat skin was much easier to be
stained than human dermatomed skin. Trypan blue stains
damaged cells selectively because the damaged cell mem-
branes allow trypan blue to enter and stain the nuclei
and cytoplasm (48). Since the stratum corneum is made up
of layers of highly keratinized cells it will not be stained
by trypan blue. Trypan blue can stain the epidermis at
the sites of stratum corneum perforation (36). Although rat
full skin and human dermatomed skin samples had the
similar thickness, around 500 pm, rat skin has a much
thinner layer of epidermis (~15 pm, Fig. le) than hu-
man skin (~200 um). After the stratum corneum of rat skin
is penetrated by microneedles, the viable epidermis below
may be easily stained. On the other hand, the human skin has
a more complicated structure. The layer below the stratum
corneum 1s the stratum granulosum. Since the stratum granulosum is
made up of partially keratinized cells without nuclet, it is more
difficult to stain (49).

In general, microneedle pretreatment can increase
skin delivery of GHK-Cu, although the results were
quite different on rat and human skin. The permeation
of copper peptide was observed for non-treated rat skin, but
almost none for intact human dermatomed skin. With
microneedle pretreatment, the permeated amount of copper
and peptide increased significantly than those through non-
treated rat skin (Fig. 3a and b). For human skin, microneedle
pretreatment made permeated copper and peptide detect-
able. But substantial increase in the skin permeation was only
observed at 22.2 N (Fig. 3¢ and d).

We noticed that the depth of penetration was proportional
to application forces in both rat skin and human dermatomed
skin models. For the rat skin, however, the microneedles can
casily penetrate the entire epidermis at all the forces, as the
thickness of epidermis of rat skin is ~15 um (Fig. le).
Epidermis, especially, its outermost layer, i.e., the stratum
corneum, 1s the main barrier. Thus, the permeation of copper
peptide through rat skin was independent of depth of pene-
tration in rat skin model, similar to another finding (36).
Bachhav ez al. also found that the transport of lidocaine was
independent of the depth of the microchannels created by
laser after removal of stratum corneum (50).
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In case of human dermatomed skin model, when
microneedle application forces were no higher than 13.3 N,
increase in skin permeation was observed because the stratum
corneum was penetrated, while the distinct increase in the skin
permeation at 22.2 N may be due to the penetration of whole
epidermis layer (the epidermis layer of the human skin is
~200 pm). It indicated that viable epidermis layers are also
significant permeation barriers (31).

Apart from the two types of skin models (rat full skin and
human dermatomed skin), we also tested human epidermis.
Human epidermis has been widely used in 2 vitro skin perme-
ation experiment to study the conventional transdermal drug
delivery (52). Human epidermis has also been used to study
microneedle assisted transdermal drug delivery (44,53).
However, in our study, it was shown that human epidermis,
without the dermis layer, showed a much higher percentage of
penetration with microneedles as compared to human
dermatomed skin (SI 2 and SI 3). It may be because the thick
dermis in the dermatomed skin could provide cushion effect
and have absorbed some of the force applied onto the epider-
mal layer. Furthermore, a sharp increase in skin permeation of
copper peptide was observed even with a mild microneedle
application force on human epidermis (SI 3). As such rat skin
and human epidermis may have their limitations as models to
study the physical enhancement of skin by using microneedles
(SI 4).

Furthermore, higher skin permeation of GHK-Cu can be
obtained with the use of a higher concentration of GHK-Cu
solution with microneedle treatment. However, no perme-
ation of GHK-Cu was observed through intact human
dermatomed skin even when the GHK-Cu concentration in-
creased (SI 5). It suggested that increasing GHK-Cu concen-
tration alone in topical formulations might not be a good
choice to improve the effect of the GHK-Cu creams/gels.

The ratio of copper to peptide permeated though rat skin
was around 1:1, while when human skin models were used,
the ratio was much higher. It may be partly due to the fact that
more copper were retained in rat skin than in human skin.
Moreover, GHK-Cu complex can permeate at a faster rate
than GHK alone (SI 6), which suggested a potentially useful
approach to deliver minerals through skin.

Although it was found that application force was correlated
with copper permeation through skin, no correlation was
found between application force and copper retention inside
skin. Partitioning of copper can be influenced by complexa-
tion with proteins in the skin (54). In this case, the skin proteins
were probably saturated with copper at the end of the perme-
ation study, thus no difference of copper was found inside the
skin samples. On the other hand, the difference between rat
skin and human dermatomed skin may be due to the differ-
ence of protein content in the two types of skin. The weight of
skin was around 0.40 and 0.10 g while the protein content was
around 36 and 10 mg for one piece of rat skin and human
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dermatomed skin used in permeation study, respectively. The
retained peptide in skin was not studied in this ¢ vitro model
since GHK peptide would degrade rapidly because of the
existence of enzymes i vivo (55).

Besides the efficacy, the skin irritancy potential of this
approach was also tested, using M'TT assay to monitor the
metabolic activity of keratinocytes and fibroblasts (56). The
cytotoxicity assay showed that GHK-Cu was not toxic to
HaCaT keratinocytes and human dermal fibroblasts in the
range of 0.0058-5800 uM (Fig. 5). From the in vitro perme-
ation study, the highest amount of copper retained in skin was
around 600 nanomoles (Fig. 5). The weight of skin was ~0.4 g.
So the retained copper can reach a concentration of ~150 pM
by calculation, which is less than 5800 pM. Thus it is not
expected to cause any skin irritations. Furthermore, irritation
test on pig skin confirmed that the skin recovered quickly after
microneedle application and the combination of microneedles
and topical GHK-Cu formulation did not cause any skin irri-
tation. The skin of the domestic pig is widely accepted as a
suitable model for human skin for dermatological research
and for percutancous permeation studies because pig skin is
usually considered as the closest in structure to human skin
among different animal species (57). Pigs have also been used
in the studies of microneedle assisted topical drug delivery
(31,58). Nevertheless, it is still necessary to further confirm
the safety of microneedle assisted GHK-Cu application on
human subjects.

The recommended intake of copper for healthy adults is
0.9 and 1.3 mg/day by American Food and Nutrition Board
and World Health Organization, respectively (59,60). In our
study, about 705 nanomoles/cm” of copper can permeate
through human skin with the assistance of microneedles in
9 h. And a steady flux of 48. 1 nanomoles/h/cm?* was calcu-
lated from the permeation curve (Fig. 3c). Hence about 721
nanomoles/cm” of copper was expected to permeate through
the skin in the next 15 h. Altogether there would be about 1426
nanomoles/cm? (which is about 0.091 mg/ em?) of copper
permeating through human skin in 24 h with the assistance
of microneedles. As a result, a patch size of 9 to 15 cm? may
be designed to meet the daily intake requirement of copper.

CONCLUSION

The application force was found to affect the percutaneous
delivery of copper peptide by influencing the depth and per-
centage of microneedle penetration through skin. The skin
permeation of copper peptide can be enhanced by
microneedle pretreatment at a high application force with
minimal skin disturbance. In 9 h, 134+ 12 nanomoles of pep-
tide and 705 %84 nanomoles of copper can permeate though
the pretreated human skin. It indicates that microneedles may
be useful to deliver similar peptides or minerals through skin.

Besides, human epidermis and rat skin may not be suitable
models for i vitro skin permeation study when microneedles
are used.
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