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a b s t r a c t

Hyaluronic acid (HA) is one of the major components of extracellular matrix (ECM). Keratinocyte and
!broblast are known to have HA receptors in the skin. Fibroblast also has human growth hormone (hGH)
receptors. In this work, HAehGH conjugate was developed as a receptor mediated transdermal delivery
system of protein drugs. HAehGH conjugate was synthesized by speci!c coupling reaction between
aldehyde modi!ed HA and the N-terminal amine group of hGH. We could con!rm the proliferative effect
of HA on keratinocyte and !broblast, and the biological activity of HAehGH conjugate in !broblast with
an elevated expression level of phosphorylated Janus kinase 2 (p-JAK2). Interestingly, "uorescence
microscopy clearly visualized the dramatically enhanced penetration of HAehGH conjugate through the
dorsal skin of mice after topical treatment with FITC labeled HAehGH conjugate. According to phar-
macokinetic analysis, HAehGH conjugate appeared to be delivered through the skin into the blood
stream possibly by the receptor mediated transdermal delivery. This work con!rms the feasibility of
using the HAehGH conjugate as a model system for the receptor mediated transdermal delivery of
protein drugs and their further exploitation for various cosmetic and tissue engineering applications.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, a number of transdermal drug delivery systems have
been developed mainly due to their advantages such as effective
systemic delivery bypassing digestive systems, patient compliance
without painful injections, and easy control to terminate drug
delivery [1e3]. Despite these bene!ts, a low bioavailability is one of
the major disadvantages of transdermal drug delivery systems due

to the poor skin permeability. The outermost layer of epidermis,
stratum corneum, is the inevitable barrier consisting of highly
ordered dead cells with intercellular lipids [4]. To circumvent this
limitation, various methods have been developed using micro-
needle patch [5,6], iontophoresis [7,8], penetration enhancer [9,10],
and ultrasound [11,12]. Microneedle patches employ an array of
needles in a micron scale to create holes in stratum corneum for
skin permeability enhancement. However, it requires multiple and
complicate processes to develop microneedle arrays containing
drugs, especially for the case of protein drugs [5,6]. Iontophoresis
uses a continuous low voltage current to provide an electrical
driving force for charged molecules and an electroosmotic "ow for
uncharged molecules to deliver drugs through stratum corneum
without pain [7,8]. However, the application of iontophoresis has
been limited mostly to the delivery of small molecules with
a charge. Ultrasound disrupts the lipid structure of stratum cor-
neum to enhance the skin permeability, which may cause deep
tissue damages in some cases [11,12]. Currently, there are few
reports on the ef!cient transdermal delivery systems of protein
drugs.
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Hyaluronic acid (HA) is a linear polysaccharide in the body. More
than 50% of HA is present in the skin tissue [13e15]. Despite the
high molecular weight and hydrophilicity of HA, it is known to be
delivered through the skin tissue in both mouse and human [16,17].
The mechanism for transdermal transport of HA has not been
clearly veri!ed yet, but there are some possible reasons for the
positive effect of HA on transdermal delivery. First, HA is very
hygroscopic and can hydrate the stratum corneum enhancing the
permeability of skin. Second, the hydrophobic patch domain in HA
chain can enhance the permeability of HA across the stratum cor-
neum. Third, HA receptors distributed in the skin tissue may
facilitate the localization of HA in the skin tissue [17e19]. Moreover,
it is reported that HA can induce the proliferation, migration,
adhesion, and differentiation of keratinocyte [20e23]. HA can also
enhance the proliferation of !broblast through CD44 receptors on
the cell membrane [24]. Meanwhile, human growth hormone
(hGH) has been widely used for the treatment of short stature by
daily injection for months to years. It is well known that hGH
receptors are distributed in the skin tissue and have important roles
for cell proliferation, mitosis, and differentiation [25e27]. Espe-
cially, hGH promotes the synthesis of insulin-like growth factor I
(IGF-1) in !broblast [25] and the released IGF-1 can also enhance
the proliferation of keratinocyte [26].

In this work, on the basis of possitive effect of HA on the
transdermal delivery, HAehGH conjugate was developed as
a receptor mediated transdermal delivery system of protein drugs.
HAehGH conjugate was synthesized by coupling reaction of alde-
hyde modi!ed HA (HA-ALD) with N-terminal primary amine group
of hGH. The resulting HAehGH conjugate was characterized by gel
permeation chromatography (GPC) and circular dichroism (CD)
spectroscopy. After con!rmation of in vitro biological activity of
hGH conjugated to HA from the elevated expression level of
phosphorylated Janus kinase 2 (p-JAK2) in the !broblast of Detroit
551 cell, the effect of HA and HAehGH conjugate was investigated
on the proliferatation of human keratinocyte and !broblast. Then,
in vivo skin penetration of HAehGH conjugate was visualized by
"uorescence microscopy after topical treatment of FITC labeled
HAehGH conjugate. Finally, pharmacokinetic (PK) analysis of top-
ically delivered HAehGH conjugate was carried out to con!rm the
feasibility of HAehGH conjugate as a model system for the receptor
mediated transdermal delivery of protein drugs with the discussion
for their further exploitation for various cosmetic and tissue engi-
neering applications.

2. Materials and methods

2.1. Materials

Sodium hyaluronate, the sodium salt of hyaluronic acid (HA), with a molecular
weightof100kDawasobtained fromShiseido (Tokyo, Japan).Humangrowthhormone
(hGH)waskindlyprovidedby LGLifesciences (Daejeon, Korea). Humanserum, sodium
periodate, sodium cyanoborohydride, ethyl carbazate, and tert-butyl carbazate were
purchased from SigmaeAldrich (St. Louis, MO). Human epidermal keratinocytes e

neonatal (HEKn), EpiLife medium, fetal bovine serum (FBS), and phosphate buffered
saline (PBS) tablet were purchased from Invitrogen (Carlsbad, CA), and Bradford
protein assay kit from Thermo Scienti!c (Rockford, IL). WST-1 reagent was purchased
from Takara-Bio (Otsu, Shiga, Japan) and goat anti-b-actin antibody was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-p-JAK2 antibody was
purchased fromCell Signaling Technology (Danvers,MA) and horseradish peroxidase-
conjugated secondary antibodies were purchased from Jackson Laboratories (West
Grove, PA). A human skin fetal !broblast cell line, Detroit 551, was purchased from
ATCC (Manassas, VA). RPMI-1640 medium and DMEM were obtained from GIBCO
(Grand Island, NY). The hGH ELISA kit was purchased from Roche Diagnostics (Man-
nheim, Germany). All reagents were used without further puri!cation.

2.2. Preparation of aldehyde modi!ed HA

HA-ALD was prepared as described elsewhere [28]. Brie"y, 1 g of HA with an
MWof 100 kDawas dissolved in 100 mL of water. Sodium periodate (1 M ratio of HA

repeating unit) was added to the HA solution. After reaction in dark place for 2 h, 6 h,
and 12 h, excess amount of ethylene glycol (1 g) was added to the solution for the
reaction termination. Finally, the resulting solution was dialyzed against a large
excess amount of water using a prewashed dialysis membrane tube (MWCO of
7 kDa) and lyophilized for 3 days. In order to analyze the degree of aldehyde
modi!cation, the HA-ALD was dissolved in sodium acetate buffer (5 mg/mL) at pH
5.2, which was reacted with tert-butyl carbazate in the presence of sodium cyano-
borohydride both at 5 M ratio of HA repeating unit for 24 h. Then, the reaction
solutionwas poured into the prewashed dialysis membrane tube (MWCO of 10 kDa)
and dialyzed against a large excess amount of water. The solutionwas lyophilized for
3 days, which was characterized by 1H NMR (DPX500, Bruker, Germany).

2.3. Synthesis of HAehGH conjugate

HA-ALD with an aldehyde content of 10 mol% was dissolved in sodium acetate
buffer (pH 5.5) at a concentration of 5 mg/mL. The number of hGH molecules per
single HA chain in the feed was varied from 1, 3, 6, and 9. The conjugation reaction
was performed at room temperature for 24 h with mild stirring. For the reduction of
hydrazone bonds, 5 M excess of sodium cyanoborohydride to aldehyde group was
added into the reaction solution. The unreacted aldehyde groups in HA-hGH
conjugatewere blockedwith 5M excess of ethyl carbazate in the presence of sodium
cyanoborohydride at room temperature for another 24 h. Then, HAehGH conjugate
was puri!ed by dialysis against a large excess amount of PBS for 2 days. For the
following experiments, three kinds of HAehGH conjugates were synthesized to
contain 6 hGHmolecules in a single HA chain using HA-ALDwith 10, 20 and 35mol%
aldehyde contents, and represented as HAehGH (10%/6), HAehGH (20%/6) and
HAehGH (35%/6), respectively.

2.4. Characterization of HAehGH conjugate

The successful synthesis of HAehGH conjugate was assessed by GPC analysis
measuring the retention time before and after conjugation of HA with hGH. The
number of hGHmolecules in HAehGH conjugate was determined from the GPC peak
area at 280 nm. The standard curve of hGH was prepared by several dilutions of the
protein stock solution at a concentration of 1 mg/mL. The GPC analysis was carried
out using the following systems: Waters 717 plus autosampler, Waters 1525 binary
HPLC pump,Waters 2487 dual l absorbance detector, Ultrahydrogel" 500 connected
with Ultrahydrogel" 250 column. The mobile phase was PBS at pH 7.4 and the "ow
rate was 0.5 mL/min. The detectionwavelengths were 210 nm for HA and 280 nm for
hGH, respectively. The blocking of the remaining aldehyde groups with ethyl carba-
zate was checked by 1H NMR (DPX500, Bruker, Germany). The secondary structure of
HAehGH conjugate was analyzed by CD spectroscopy. CD spectra of hGH and
HAehGH conjugate were obtained with a spectrum-polarimeter (J-715, JASCO) at
20 "C under nitrogen. All scans from 250 nm to 200 nm for each sample were done in
a quartz cuvette with a path length of 2 mm in triplicate. Raw data were acquired at
a step size of 0.2 nmwith a response time of 1.0 s. The residual ellipticitywas obtained
as an average of three scans and converted to molar ellipticity.

2.5. In vitro serum stability test of HAehGH conjugate

The serum stability of hGH and HAehGH (20%/6) conjugate was assessed by
ELISA after incubation in human serum at a concentration of 0.5mg/mL and 37 "C for
up to 7 days. At the predetermined time intervals, each sample was immediately
diluted by 10,000 times with PBS and stored at e 80 "C before the ELISA.

2.6. Effect of HA on the proliferation of skin cells

HEKn cells were maintained in EpiLife medium supplemented with 1% (v/v)
human keratinocyte growth factors. Detroit 551 cells were cultured in DMEM sup-
plemented with 10% (v/v) FBS. The proliferative activity of HA to skin cells was
investigated by WST-1 assay. Prior to seeding cells, the culture medium of Detrioit
551 cell was replaced with a DMEM supplemented with 0.2% (v/v) FBS. The HEKn
and Detroit 55l cells were resuspended at a concentration of 1 # 104 cells/mL in
assaymedia and 100 mL of the cell suspension containing 3#103 cells was seeded on
the "at bottom of 96 well tissue culture plate. After 24 h, the serial dilutions of the
HA samples were prepared in assay media and added to the test wells in triplicate.
The plates were incubated at 37 "C in a humidi!ed 5% CO2 tissue culture incubator
for 48 h. Then, WST-1 reagent was added to each well and the plates were incubated
at 37 "C in the tissue culture incubator for 1 h. The absorbance was measured at
450 nm using a microplate reader (SpectraFluor Plus, TECAN, Switzerland).

2.7. Biological activity of HAehGH conjugate to skin cells

The biological activity of HAehGH conjugate to skin cells was investigated by
Western blot for the expression level of p-JAK2, the hGH receptor mediated
signaling pathway product. The cells treated with hGH and HAehGH conjugatewere
solubilized in a lysis buffer. The cell lysates were centrifuged at 15,000 g and 4 "C for
30 min to recover the supernatants. The total protein of 50 mg was separated in an
SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The
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membrane was blocked with 4% (w/v) skimmed milk in a transfer buffer and then
probed sequentially with a primary antibody and an HRP-conjugated secondary
antibody for each target protein. The chemo-luminescence from the enzymatic
reaction of peroxidase in the presence of an ECL solutionwas detected with an X-ray
!lm. The chemically developed bands on the X-ray !lm were quanti!ed with the
NIH Image/J program (available at http://rsbweb.nih.gov/ij/). Then, the proliferative
activity of hGH and HAehGH conjugate to skin cells was investigated by WST-1
assay as described above.

2.8. Fluorescene microscopy for the transdermal delivery of HAehGH conjugate

To visualize the effect of HA on skin penetration, amine modi!ed HA, hGH, and
HAehGH conjugate were "uorescently labeled with FITC. FITC was dissolved in PBS
at pH 9 and mixed with amine modi!ed HA, hGH, and HAehGH conjugate solutions
at a molar excess ratio of 10. The conjugation reaction was performed at room

temperature for 3 h with mild stirring. The FITC labeled HA, hGH, and HAehGH
conjugate were puri!ed using PD 10 desalting columns. The degree of substitution
was calculated by measuring the absorbance at 280 nm and 495 nm. Then, FITC
labeled HA, hGH, and HAehGH conjugate were topically administered to the dorsal
skin of female hairless Balb/c mice at an age of 5 weeks. The dose was 5 nmol hGH
with 2 nmol FITC. After 1 h, the skin was harvested for cryosection. The skin sample
was embedded using optimal cutting temperature (OCT) compound on dry ice. The
specimen was sliced into 5 mm thickness section and observed by "uorescence
microscopy. We have complied with the POSTECH institutional ethical use protocols
for animals.

2.9. Pharmacokinetic analysis of hGH and HAehGH conjugate

Female Sprague Dawley (SD) rats at an age of 5 weeks weighing approximately
200 g were housed under a standard condition of a 12 h light/dark cycle with free
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access to food and water throughout the study period. Twenty female SD rats were
randomized into 4 treatment groups (n $ 5) for PK anlaysis after intravenous (iv)
injections as follows: the control, hGH, HAehGH (10%/6), and HAehGH (20%/6).
Each group received a single iv injection of the samples at a hGH dose of 0.5 mg/kg
through a 26-gauge needle. In addition, twelve female SD rats were randomized into
4 treatment groups (n $ 3) for PK analysis after transdermal delivery as follows:
transdermal hGH, transdermal HAehGH (10%/6), subcutaneous HAehGH (10%/6),
and intravenous hGH for comparision. The dose of hGH was 300 mg/rat. At pre-
determined time intervals, blood samples were collected via the tail vein for up to 2

days. After centrifugation, the serum was collected and stored after freezing at e
80 "C before the analysis of hGH with human hGH ELISA kits.

2.10. Statistical analysis

The data are expressed as means % standard deviation from several separate
experiments. Statistical analysis was carried out via the two-way analysis of variance
(ANOVA) test using the software of SigmaPlot12.0 and a value for P < 0.05 was
considered statistically signi!cant.

3. Results and discussion

3.1. Synthesis and characterization of HAehGH conjugate

Fig. 1 shows the schematic representations for the chemical
structure of HAehGH conjugate and the possible mechanism for its
receptor mediated transdermal delivery in the skin tissue. It has
been previously reported that the receptors of HA and hGH are
distributed in the skin tissue, and HA can penetrate even to the
dermis [16]. The HAehGH conjugate binds to HA and hGH receptors
on keratinocytes in the epidermis and !broblasts in the dermis
promoting cell proliferation and the synthesis of IGF-1 [27,29]. In
addition, the released IGF-1 can also stimulate the proliferation of
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keratinocyte in the epidermal tissue. On the basis of this hypoth-
esis, HAehGH conjugate was successfully synthesized for trans-
dermal delivery via the coupling reaction between aldehyde groups
of HAeALD and N-terminal primary amine groups of hGH. The
remaining aldehyde groups were blocked with ethyl carbazate to
prevent the adverse effect of unreacted remaining aldehyde groups
in HAehGH conjugate. The successful synthesis of HAehGH
conjugate was con!rmed by GPC analysis (Fig. 2A). The retention
time of native hGH with an MW of 22 kDa was ca. 17 min, which
was shortened to ca. 15 min after conjugation to 10 mol% aldehyde
modi!ed HA with a high MW of 100 kDa. As shown in Fig. 2B, the
CD spectrum of HAehGH conjugate was not different from that of
intact hGH re"ecting themaintenance of the secondary structure of
hGH after conjugation. Fig. 2C shows the ratios of hGH concentra-
tions in HAehGH conjugate determined by ELISA and Bradford
assay. The hGH in HAehGH conjugate maintained the immuno-
biological activity comparable to intact hGH. The hGH content in
HAehGH conjugate was determined from the GPC peak area
detected at 280 nm. The number of hGH molecules per single HA
chain could be controlled in the range between 1 and 9. The hGH
contents in HAehGH conjugates increased with the feeding ratio of
hGH to single HA chain. Regardless of the protein contents in feed,
hGH was conjugated to HAeALD with a bioconjugation ef!ciency
higher than 95% (Fig. 3A). The bioconjugation ef!ciency (%) repre-
sents the molar ratio of hGH in the HAehGH conjugate to the total
hGH added initially for the conjugation reaction. Three kinds of

HAehGH conjugates were prepared to contain 6 protein molecules
per single HA chain using 10 mol%, 20 mol% and 35 mol% modi!ed
HAeALD. In order to investigate the serum stability of hGH after
conjugation to HA, native hGH and HAehGH (20%/6) conjugate
were incubated in human serum at 37 "C for 2 days. The intactness
of hGH in samples was assessed by ELISA. As shown in Fig. 3B, hGH
was degraded and lost 30% of the immunobiological activity in
human serum within 2 days. On the other hand, hGH in the
HAehGH conjugate maintained the immunobiological activity
almost completely in human serum for longer than 2 days (Fig. 3B).

3.2. In vitro biological activity of HAehGH conjugate to skin cells

Keratinocytes in the epidermis have HA and IGF-1 receptors, and
!broblasts in the dermis have HA and hGH receptors [19,26]. First,
we investigated the effect of HA and HAehGH conjugate on the
proliferation of human keratinocytes (HEKn cells) and !broblasts
(Detroit 551 cells) using WST-1 assay (Fig. 4). HA signi!cantly
increased the proliferation of HEKn cells and Detroit 551 cells
(Fig. 4A and B). In case of Detroit 551 cells, however, the cell
proliferation was signi!cantly inhibited with increasing HA
concentration (Fig. 4B), as reported elsewhere for melanoma cells
[21] and dermal !broblasts [24]. On the other hand, while HAehGH
(10%/6) conjugates had little effect on the proliferation of HEKn
cells (Fig. 4C), they effectively stimulated the proliferation of
Detroit 551 cells which have both HA and hGH receptors (Fig. 4D).
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The concentration of HA in the tested HAehGH conjugate was
below the threshhold for HA to stimulate cell proliferation (Fig. 4C).
Then, the biological activity of HAehGH (10%/6) conjugate was
assessed by the analysis of hGH receptor mediated signaling to
human keratinocytes and !broblasts (Fig. 5). After treament with

hGH and HAehGH (10%/6) conjugate, the p-JAK2 expression level
in the skin cells was measured by immunoblotting analysis. The
hGH receptors on the cell surface are activated by dimerization,
which promotes the receptor transphosphorylation by JAK2 tyro-
sine kinase [30]. The expression level of p-JAK2 was negligible in
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Fig. 6. Fluorescence microscopic images of mouse dorsal skin tissues after transdermal delivery of (A) PBS, (B) FITC, (C) FITC labeled hGH, (D) FITC labeled HA, and (E) FITC labeled
HAehGH conjugate prepared with 10 mol% modi!ed HAealdehyde to contain 6 hGH.
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HEKn cells treatedwith hGH and HAehGH (10%/6) conjugate. HEKn
cells have much less hGH receptors than Detroit 551 cells. In
contrast, the expression level of p-JAK2 was highly elevated in
Detroit 551 cells showing a maximum at a hGH concentration of
500 ng/mL for the case of hGH treatment (Fig. 5C) and 880 ng/mL
for the treatment with HAehGH (10%/6) conjugate (Fig. 5D). The
relatively high expression of p-JAK2 and the proliferation in Detroit
551 cells by the treatment with the HAehGH (10%/6) conjugate
might be attributed to the synergistic effect of HA and hGH on their
receptors. From the results, we could con!rm the presence of HA
and hGH receptors on the skin cells, and the positive effect of HA
and hGH on the proliferation of skin cells.

3.3. Bioimaging for the transdermal delivery of HAehGH conjugate

The effect of HA on the transdermal delivery of FITC labeled
HAehGH conjugate was visualized by "uorescence microscopy 1 h
after its topical treatment. The HA and hGH receptors on kerati-
nocytes and !broblasts were thought to facilitate the transdermal
delivery of HAehGH conjugate. As shown in Fig. 6, the HAeFITC
and HAehGHeFITC conjugates were evenly distributed in the skin
tissue, and effectively delivered even to the dermis. Interestingly,

the model protein drug of hGH with a dimension of ca. 4 nm
appeared to be signi!cantly delivered through the skin possibly due
to the hydration of stratum corneum by hygroscopic HA and the HA
receptor mediated penetration. On the other hand, FITC and
hGHeFITC conjugate could not penetrate the skin tissue mostly
remaining on the surface of stratum corneum. The facilitated
penetration and distribution of HAehGH (10%/6) conjugate in the
skin tissue might be bene!cial for various cosmetic and tissue
engineering applications including wound healing treatment.

3.4. Pharmacokinetic analysis of HAehGH conjugate

After con!rmation of the effective penetration through the skin,
PK analysis of HAehGH conjugate was carried out to assess the
receptor mediated transdermal delivery of hGH. Four kinds of
samples, PBS, hGH, HAehGH (10%/6), and HAehGH (20%/6)
conjugates, were intravenously injected to SD rats at a hGH dose of
0.5 mg/kg. Fig. 7A shows the PK pro!les of hGH and HAehGH
conjugate determined by hGH ELISA. The single administration of
HAehGH (20%/6) conjugate resulted in the prolonged circulation of
hGH for up to 48 h, whereas that of hGH led to the rapid clearance
within 10 h. The area under the curve (AUC0e48 h) for HAehGH
conjugate was higher than that for hGH despite using the same
dosage of hGH (Table 1). The bioconjugation of hGH to HA was
thought to effectively reduce the renal clearance and enzymatic
degradation in the body resulting in the enhanced bioavailability
(AUC/dose) of hGH. Then, PK analysis of transdermally delivered
HAehGH conjugate was carried out in SD rats after a topical
treatment of three kinds of samples, PBS, hGH, and HAehGH (10%/
6) conjugate at a hGH dose of 300 mg/rat. For comparision, HAehGH
conjugate was subcutaneously injected to SD rats at the same dose.
As shown in Fig. 7B, PK analysis of topically delivered HAehGH
(10%/6) conjugate revealed the effective delivery of HAehGH
conjugate through the skin into the blood stream. The AUC0e36 h for
topically delivered HAehGH conjugate was much higher than that
for hGH. The bioavailability (AUC/dose) of transdermally delivered
HAehGH (10%/6) conjugate was as high as 16% in comparison to
that of intravenously injected hGH (Table 1). Considering all these
results, we could con!rm the feasibility of HAehGH conjugate as
a model system for the transdermal delivery of protein drugs, and
their further cosmetic and tissue engineering applications.

4. Conclusions

HAehGH conjugate was successfully synthesized by the
coupling reaction of HAeALD with N-terminal primary amine
group of hGH for receptor mediated transdermal delivery. GPC
analysis con!rmed the successful synthesis of HAehGH conjugate.
The number of hGH molecules in HAehGH conjugate could be
controlled in the range from 1 to 9 by changing the amount of hGH
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Fig. 7. (A) Pharmacokinetic (PK) analysis of human growth hormone (hGH) and hya-
luronic acid (HA)ehGH conjugates prepared with 10 mol% and 20 mol% modi!ed
HAealdehyde to contain 6 hGH after intravenous injection (n $ 5). (B) PK analysis of
hGH and HAehGH (10%/6) conjugate after transdermal delivery and subcutaneous
injection (n $ 3).

Table 1
Pharmacokinetic analysis of hGH and HAehGH conjugate after administration to SD
rats.

Groups

hGH iv
injection

hGH topical
delivery

HAehGH
topical
delivery

HAehGH sc
injection

Dose [mg] 300 300 300 300
Cmax [ng/mL] 1147 % 298 2.8 % 2.5 37.2 % 16.9 196.5 % 18.5
tmax [h] 1 7 7 1
t1/2 [h] 2.2 % 0.14 10.4 % 3.5 9.6 % 1.5 3.2 % 0.2
AUCa [h ng/mL] 2415 % 689 37.0 % 43.3 384.0 % 33.5 968.9 % 164.2
Bioavailability [%] 100 % 28.5 1.53 % 1.79 15.9 % 1.38 40 % 6.8

a AUC: area under the curve.
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in the feed with a bioconjugation ef!ciency higher than 95%. CD
analysis revealed the maintenance of the secondary structure of
hGH even after conjugation to HA. In addition, we could con!rm
the proliferative effect of HA on keratinocyte and !broblast, and the
biological activity of HAehGH conjugate not in keratinocyte but in
!broblast with elevated p-JAK2 levels. In addition, "uorescence
microscopy successfully visualized the effective penetration of
topically delivered HAehGHeFITC conjugate to the epidermis and
even to the dermis in mice. Finally, PK analysis of topically applied
HAehGH conjugate revealed the effective delivery of HAehGH
conjugate through the skin into the blood stream.

Acknowledgments

This research was supported by the Converging Research Center
Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education, Science and Technology
(2009-0081871 and 2011K000801). This study was also supported
by a grant of the Korea Healthcare Technology R&D Project,
Ministry of Health & Welfare, Republic of Korea (A080711). This
work was supported by a grant from the Next-Generation BioGreen
21 Program (No. PJ007974), Rural Development Administration,
Republic of Korea. We also thank Yong Ryoul Yang for embedding
the skin tissue into OCT compound and Hyuntae Jung for "uores-
cence microscopic images.

References

[1] Prausnitz MR, Mitragotri S, Langer R. Current status and future potential of
transdermal drug delivery. Nat Rev Drug Discov 2004;3:115e24.

[2] Prausnitz MR, Langer R. Transdermal drug delivery. Nat Biotechnol 2008;26:
1261e8.

[3] Langer R. Transdermal drug delivery: past, progress, current status and future
prospects. Adv Drug Deliv Rev 2004;56:557e8.

[4] Wu KS, van Osdol WW, Dauskardt RH. Mechanical properties of human
stratum corneum: effects of temperature, hydration, and chemical treatment.
Biomaterials 2006;27:785e95.

[5] Sivamani RK, Liepmann D, Maibach HI. Microneedles and transdermal appli-
cations. Expert Opin Drug Deliv 2007;4:19e25.

[6] Wermeling DP, Banks SL, Hudson DA, Gill HS, Gupta J, Prausnitz MR, et al.
Microneedles permit transdermal delivery of a skin-impermeant medication
to humans. Proc Natl Acad Sci USA 2008;105:2058e63.

[7] Kalia YN, Naik A, Garrison J, Guy RH. Iontophoretic drug delivery. Adv Drug
Deliv Rev 2004;56:619e58.

[8] Pikal MJ. The role of electroosmotic "ow in transdermal iontophoresis. Adv
Drug Deliv Rev 2001;46:281e305.

[9] Williams AC, Barry BW. Penetration enhancer. Adv Drug Deliv Rev 2004;56:
603e18.

[10] Karande P, Jain A, Mitragotri S. Discovery of transdermal penetration
enhancers by high-throughput screening. Nat Biotechnol 2004;22:192e7.

[11] Park EJ, Werner J, Smith NB. Ultrasound mediated transdermal insulin
delivery in pigs using a lightweight transducer. Pharm Res 2007;24:
1396e401.

[12] Mitragotri S, Blankschtein D, Langer R. Ultrasound-mediated transdermal
protein delivery. Science 1995;269:850e3.

[13] Laurent TC, Fraser JR. Hyaluronan. Faseb J 1992;6:2397e404.
[14] Oh EJ, Park K, Kim KS, Kim J, Yang JA, Kong JH, et al. Target speci!c and long

acting delivery of protein, peptide, and nucleotide therapeutics using hya-
luronic acid derivatives. J Control Release 2010;141:2e12.

[15] Juhlin L. Hyaluronan in skin. J Intern Med 1997;242:61e6.
[16] Brown TJ, Alcorn D, Fraser JRE. Absorption of hyaluronan applied to the

surface of intact skin. J Invest Dermatol 1999;113:740e6.
[17] Brown MB, Jones SA. Hyaluronic acid: a unique topical vehicle for the local-

ized delivery of drugs to the skin. J Eur Acad Dermatol Venerol 2005;19:
308e18.

[18] Wang C, Tammi M, Tammi R. Distribution of hyaluronan and its CD44 receptor
in the epithelia of human skin appendages. Histochemistry 1992;98:105e12.

[19] Tammi R, Saamanen AM, Maibach HI, Tammi M. Degradation of newly
synthesized high molecular mass hyaluronan in the epidermal and dermal
compartments of human skin in organ culture. J Invest Dermatol 1991;97:
126e30.

[20] Lokeshwar VB, Iida N, Bourguignon LYW. The cell adhesion molecule, GP116,
is a new CD44 variant (ex14/v10) involved in hyaluronic acid binding and
endothelial cell proliferation. J Biol Chem 1996;271:23853e64.

[21] Ahrens T, Assmann V, Fieber C, Termeer CC, Herrlich P, Hofmann M, et al. CD
44 is the principal mediator of hyaluronic acid induced melanoma cell
proliferation. J Invest Dermatol 2001;116:93e101.

[22] Bourguignon LYW, Singleton PA, Diedrich F. Hyaluronan-CD44 interaction
with Rac1-dependent protein kinase N-g promotes phospholipase cg1 acti-
vation, Ca2! signaling, and cortactin-cytoskeleton function leading to kera-
tinocyte adhesion and differentiation. J Biol Chem 2004;279:29654e69.

[23] Masellis-Smith A, Belch AR, Mant MF, Turley EA, Pilarski LM. Hyaluronan
dependent motility of B cells and leukemic plasma cells in blood, but not of
bone marrow plasma cells, in multiple myeloma: alternate use of receptor for
hyaluronan-mediated motility (RHAMM) and CD44. Blood 1996;87:1891e9.

[24] Yoneda M, Yamagata M, Suzuki S, Kimata K. Hyaluronic acid modulates
proliferation of mouse dermal !broblasts in culture. J Cell Sci 2004;90:
265e73.

[25] Oakes SR, Haynes KM, Waters MJ, Herington AC, Werther GA. Demostration
and localization of growth hormone receptor in human skin and skin !bro-
blasts. J Clin Endocrinol Metab 1992;5:1368e73.

[26] Tavakkol A, Elder JT, Grif!ths CEM, Cooper KD, Talwar H, Fisher GJ, et al.
Expression of growth hormone receptor, insulin-like growth factor 1 (IGF-1)
and IGF-1 receptor mRNA and proteins in human skin. J Invest Dermatol
1992;99:343e9.

[27] Cook JJ, Haynes KM, Werther GA. Mitogenic effects of growth hormone in
cultured human !broblasts-evidence for action via local insulin-like growth
factor 1 production. J Clin Invest 1988;81:206e12.

[28] Yang JA, Park K, Jung HT, Kim HM, Hong SW, Yoon SK, et al. Target speci!c
hyaluronic acid-interferon alpha conjugate for the treatment of hepatitis C
virus infection. Biomaterials 2011;32:8722e9.

[29] Conway-Campbell BL, Brooks AJ, Robinson PJ, Perani M, Waters MJ. The
extracellular domain of the growth hormone receptor tnteracts with coac-
tivator activator to promote cell proliferation. Mol Endocrinol 2008;22:
2190e202.

[30] Argetsinger LS, Campbell GS, Yang X, Witthuhn BA, Silvennoinen O, Ihle JN,
et al. Identi!cation of JAK2 as a growth hormone receptor-associated tyrosine
kinase. Cell 1993;74:237e44.

J.-A. Yang et al. / Biomaterials 33 (2012) 5947e59545954


	Transdermal delivery of hyaluronic acid – Human growth hormone conjugate
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Preparation of aldehyde modified HA
	2.3. Synthesis of HA–hGH conjugate
	2.4. Characterization of HA–hGH conjugate
	2.5. In vitro serum stability test of HA–hGH conjugate
	2.6. Effect of HA on the proliferation of skin cells
	2.7. Biological activity of HA–hGH conjugate to skin cells
	2.8. Fluorescene microscopy for the transdermal delivery of HA–hGH conjugate
	2.9. Pharmacokinetic analysis of hGH and HA–hGH conjugate
	2.10. Statistical analysis

	3. Results and discussion
	3.1. Synthesis and characterization of HA–hGH conjugate
	3.2. In vitro biological activity of HA–hGH conjugate to skin cells
	3.3. Bioimaging for the transdermal delivery of HA–hGH conjugate
	3.4. Pharmacokinetic analysis of HA–hGH conjugate

	4. Conclusions
	Acknowledgments
	References


