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Abstract: We suggest a convenient nanoemulsion fabrication method to create hyaluronan (HA)-based
nanohydrogels for effective transdermal delivery. First, hyaluronan-conjugated dodecylamine (HA–Do)
HA-based polymers to load the lipophilic agents were synthesized with hyaluronan (HA) and
dodecylamine (Do) by varying the substitution ratio of Do to HA. The synthetic yield of HA–Do
was more than 80% (HA–Do (A): 82.7 ± 4.7%, HA–Do (B): 87.1 ± 3.9% and HA–Do (C): 81.4 ± 4.5%).
Subsequently, nanohydrogels were fabricated using the nanoemulsion method. Indocyanine green (ICG)
simultaneously self-assembled with HA–Do, and the size depended on the substitution ratio of Do
in HA–Do (nanohydrogel (A): 118.0 ± 2.2 nm, nanohydrogel (B): 121.9 ± 11.4 nm, and nanohydrogel
(C): 142.2 ± 3.8 nm). The nanohydrogels were delivered into cells, and had excellent biocompatibility.
Especially, nanohydrogel (A) could deliver and permeate ICG into the deep skin layer, the dermis.
This suggests that nanohydrogels can be potent transdermal delivery systems.
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1. Introduction

Skin is the major organ of the human body, and it forms a barrier between the body and the outside
environment [1,2]. The skin has three main layers, namely, the epidermis (approximately 50–150 μm thick),
the dermis (approximately 250 μm thick), and the subcutaneous layer. The outermost part (15–20 μm) of
the epidermis, the stratum corneum (SC), is responsible for the barrier function of the skin, is in direct
contact with the external environment, and has a very high density [3]. The SC completely covers the
outside of the body to retain water inside the body, and to act as a barrier against penetration by external
agents [4]. One of its major roles is to prevent the invasion of microorganisms by creating a physical
barrier against the external environment. However, skin-associated problems due to numerous infectious
pathogens or inflammation can occur and cause life-threatening situations [5]. The skin barrier can be
open and permeable to the environment to allow the exchange of heat, air, and fluids containing very low
molecular weight molecules [1]. This provides an alternative route for drug administration, i.e., transdermal
drug delivery into the blood circulation, and provides greater comfort to the patient compared with oral
and parenteral administration [6,7]. Despite several advantages, the bioavailability of transdermal drug
delivery systems is low, because the drug cannot easily permeate through the SC [8,9]. To overcome these
difficulties, various transdermal drug delivery systems have been developed [5–7,10–13]. For instance,
microneedle patches with an array of micron-scale needles create holes in the SC for skin permeability
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enhancement [14]. However, these patches require multiple and complicated processes to fabricate with
drugs. Hyaluronan, also called hyaluronic acid (HA), is an essential biological material that is a major
component of the extracellular matrix (ECM) for connective tissues, and is a vital biological material
with a variety of biological activities that make a significant contribution to skin maintenance [15–17].
A significant amount of HA (~15 g) is found in the epidermis and dermis in human skin. HA is well-known
as a water-sorbed macromolecule, and it plays an important role in cosmetics due to its highly effective
moisturizing property [18,19]. In addition, HA can be absorbed from the skin layer and rapidly passes
through epidermis, so it can deliver a relatively high concentration of drugs to the deeper layer of the
dermis [19–24]. Low molecular weight HA (~50 kDa) showed a significantly higher skin penetration rate
than larger weight HA. HA can produce mechanically and chemically robust materials by chemical
modification while maintaining its biocompatibility and biodegradability [19,25,26]. More recently,
HA and HA derivatives have been successfully developed and used as topical, implantable (or injectable)
vehicles (e.g., nanoparticles, hydrogels, and scaffolds) for controlled, localized delivery of biologically or
pharmacologically active molecules to the skin [12,27–41].

Herein, we designed a facile fabrication process for HA-based nanohydrogels for transdermal
delivery (Figure 1) [39]. Since HA is a hydrophilic material, we chemically conjugated dodecylamine (Do),
a hydrophobic molecule, with HA (20 kDa) to create HA–Do, which can easily carry hydrophilic as well as
lipophilic agents. Subsequently, nanohydrogels were fabricated that self-assembled indocyanine green (ICG)
and HA–Do using a nanoemulsion method (Figure 1a). Nanoemulsion (nanoscale emulsions) methods use
kinetically stable systems whose free energy of formation is larger than zero, unlike microemulsion
methods [10,33,42,43]. To confirm the transdermal delivery system ability, we investigated the
physicochemical properties and biocompatibility of HA–Do, as well as in vitro/ex vivo models of
the nanohydrogels.

 

Figure 1. (a) Preparation of hyaluronan-based nanohydrogels using hyaluronan-conjugated dodecylamine
(HA–Do) and indocyanine green (ICG); and (b) their applications as effective carriers for transdermal delivery.
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2. Results and Discussion

2.1. Synthesis and Characterization of Hyaluronan-Conjugated Dodecylamine (HA–Do)

Hyaluronan (HA) is an advantageous material, because it provides (i) targeting, (ii) stable release of a
given dosage, (iii) viscoelastic properties, and (iv) excellent biocompatibility, and therefore, HA has been
extensively utilized in cosmetic products [12,17,20,22,31,32,34,39,43]. However, since HA is extremely
hydrophilic and insoluble in organic phases, it is difficult to combine with hydrophobic agents.
HA with a low molecular weight (20–300 kDa) passes through the stratum corneum, in contrast to the
impermeability of the high molecular weight HA (1000–1400 kDa). We attempted to modify the hydrophilic
HA (20 kDa) backbone with fatty amines to form HA-based macrostructures. We first synthesized
hyaluronan-conjugated dodecylamine (HA–Do) by chemically conjugating HA with dodecylamine (Do)
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)/N-hydroxysulfosuccinimide
(sulfo-NHS) coupling chemistry (Figure 2a) [39,44,45]. The carboxyl groups of HA reacted with EDC
and sulfo-NHS in sequential order, and active ester intermediates formed. Then, the amine group of Do
attacked the carbonyl groups of these intermediates, and the sulfo-NHS group left, which generated stable
amide bonds. Various HA–Do compounds were prepared by controlling the molar feed ratios of Do
and HA (HA:Do; HA–Do (A), 1:0.1; HA–Do (B), 1:0.05; HA–Do (C), 1:0.01). After the HA–Do synthesis,
their characteristic bands were verified by Fourier-transform infrared (FT-IR) spectroscopy, and the amide
bonds (–CO–NH–) showed at 1630–1680 cm−1 (*) (Figure 2b). In addition, the chemical structures of the
synthesized HA–Do compounds were confirmed by 1H-NMR using dimethyl sulfoxide (DMSO)-d6/D2O
mixture solvents, and peaks at 3–4.8 ppm (methylene and hydroxyl groups in HA) and 1–1.5 ppm
(methylene groups of Do) (Figure 2c) confirmed the successful synthesis of HA–Do. The synthetic yield for
HA–Do is usually above 80%, and the compounds should be kept in a desiccator at room temperature to
protect them from moisture before use (Table 1). This indicated that the compounds can be mass produced
for HA-based transdermal delivery systems.

Figure 2. (a) Synthetic scheme for hyaluronan-conjugated dodecylamine (HA–Do); (b) Fourier-transform
infrared (FT-IR) spectra and (c) 1H-NMR spectra of HA–Do (A), HA–Do (B), and HA–Do (C).

Table 1. The yield of the HA–Do synthesis reaction.

HA–Do Yield (%)

HA–Do (A) 82.7 ± 4.7
HA–Do (B) 87.1 ± 3.9
HA–Do (C) 81.4 ± 4.5

All data are depicted as the mean ± SD (standard deviation), and n > 5.

2.2. Formulation and Characterization of the Nanohydrogels

Nanohydrogels consisting of indocyanine green (ICG) and encapsulated by HA–Do were
self-assembled by a nanoemulsion method, (Figure 1a). This method can easily encapsulate highly
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lipophilic molecules, and has higher ratios for lipid-like materials. The average size of the various
nanohydrogels prepared using different feed ratios of Do to HA was measured using laser scattering
(Table 2). As we previously reported, as the feed ratio of Do in HA–Do increased, the critical micelle
concentration (CMC) decreased, due to stronger hydrophobic interactions in the core during micelle
formation. Likewise, the size of the nanohydrogels decreased as the feed ratio of Do increased in
HA–Do, because of the enhancement in the hydrophobic interactions between the Do groups in HA–Do
and lipophilic materials (Table 2). Overall, the size of the nanohydrogels was less than 200 nm, and will
help penetrate deeper layers of the skin. We obtained transmission electron microscopy (TEM) images
after staining with 2% uranyl acetate to confirm the morphologies, and confirmed their well-defined
spherical shapes and homogeneous distribution (Figure 3a). The nanohydrogels also exhibited the ICG
absorption peak at 800 nm, which indicated the existence of ICG (Figure 3b). These nanohydrogels
were stable for six days without significant changes in their size under various serum concentrations
(data not shown).

Table 2. The size distribution of the nanohydrogels.

Nanohydrogel Avg. Size ± SD (nm)

Nanohydrogel (A) 118.0 ± 2.2
Nanohydrogel (B) 121.9 ± 11.4
Nanohydrogel (C) 142.2 ± 3.8

All data are depicted as the mean ± SD, n = 10; Avg.: average.

Figure 3. (a) Transmission electron microscopy (TEM) images of the nanohydrogels (right image;
the enlarged rectangle region on the left images) and (b) their absorption spectra. i: Nanohydrogel (A);
ii: Nanohydrogel (B); iii: Nanohydrogel (C).

2.3. Biocompatibility of the Nanohydrogels

The cytotoxicity of the nanohydrogels against CD44 overexpressed cancer cells (MDA-MB-231
cells) was evaluated by a CCK-8 assay, which was performed after incubation in different
concentrations of the nanohydrogels for 24 h. The cell viability remained over 80% with all the
nanohydrogels without any inhibitory effect on the growth or proliferation in the target cells, even at a
high concentration of 1.0 mg/mL (1000 μg/mL) (Figure 4).
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Figure 4. Cell viabilities of the MDA-MB-231 cells treated with various concentrations of the
nanohydrogel (green: Nanohydrogel (A); magenta: Nanohydrogel (B); blue: Nanohydrogel (C)).

2.4. Intracellular Delivery of the Nanohydrogels

The specific internalization of HA in CD44 overexpressed cancer cells (MDA-MB-231 cells) was
further assessed under confocal laser scanning microscopy (CLSM) observations. The localization of
the nanohydrogels was evaluated in MDA-MB-231 cells after incubation overnight. All the cell nucleus
membranes were intact, whether they were incubated with the nanohydrogels or not (non-treatment),
as shown by the Hoechst stained images, which indicated that the nanohydrogels do not damage the
cell (Figure 5 and Figure S1). Further, we observed red fluorescence spots in the cytoplasmic regions
(green), which correspond to the ICG in the nanohydrogels. Among the nanohydrogels, nanohydrogel
(A) was effectively internalized into the cells and showed a strong fluorescence, due to its size.

Figure 5. Cont.
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Figure 5. Confocal laser scanning microscopy (CLSM) images of the MDA-MB-231 cells incubated with
the nanohydrogels for 13 h. The merged image shows the overlay of a blue filter for the cell nucleus
(Hoechst 33324), a red filter for the ICG fluorescence, and a green filter for the cell cytoplasm.

2.5. Transdermal Penetration of the Nanohydrogels in Pig Skins

An ex vivo skin permeation study was performed to confirm the effect of HA–Do on the skin
permeation enhancement of nanohydrogels using Franz diffusion cells and confocal laser scanning
microscopy (CLSM) images. We used nanohydrogel (A) for this skin permeation study, because it
had a suitable size to internalized into the cell. We used ICG as a model lipophilic ingredient to easily
measure the skin permeation degree of the nanohydrogels by fluorescence (Figure 6). After 24 h of
permeation, free ICG without HA–Do was only observed in the upper layer of the epidermis, and it
did not permeate into the stratum corneum. In contrast, the ICG-containing nanohydrogel (A) was
observed with enhanced fluorescence in both the stratum corneum and epidermis layers, and in the
dermis through diffusion from the stratum corneum to the dermis [14,46–48]. Due to the use of low
molecular weight HA (20 kDa), nanohydrogel (A) can significantly penetrate the stratum corneum,
which is the most superficial layer of the epidermis (Figure 6) [19]. As the permeation time increased,
nanohydrogel (A) localized in the deep skin layers, as indicated by the strong fluorescence, due to its
good permeation. Particularly, a significant amount of nanohydrogel (A) accumulated in the stratum
corneum and epidermis after 48 h, and then, it deeply permeated into the dermis layer at 72 h.

Figure 6. Cont.
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Figure 6. Merged CLSM images of a cross section of the minipig skin incubated with nanohydrogel (A)
and ICG as a control at various permeation times (24, 48, and 72 h) (Red: ICG, Blue: cell nuclei of the
skin) (Scale bar: 200 μm).

3. Materials and Methods

3.1. Materials

Sodium hyaluronate (HA) (Molecular weight (MW): 20 KDa) and indocyanine green (ICG) were
obtained from Lifecore Biomedical and Tokyo Chemical Industry (TCI) (Tokyo, Japan), respectively.
Dodecylamine, pyridine and dichloromethane were purchased from Sigma-Aldrich (St. Louis, MO, USA).
N-hydroxysulfosuccinimide (sulfo-NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), and Hoechst 33342 solution were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Biotech CE tubing (Molecular Weight Cut-off (MWCO): 3.5–5 KDa) was purchased from Spectrum
Laboratories (East Tamaki, Auckland, New Zealand). Phosphate-buffered saline (PBS: 10 mM, pH 7.4)
and Roswell Park Memorial Institute medium (RPMI) were purchased from Gibco (Waltham, MA, USA).
The minipig skin (thickness: 1200 μm) was purchased from Medikinetics (Pyeongtaek-si, Gyeonggi-do,
South Korea).

3.2. Synthesis and Characterization of Hyaluronan-Conjugated Dodecylamine (HA–Do)

Amphiphilic hyaluronan-conjugated dodecylamine (HA–Do) was formed by chemical
conjugation of the carboxyl group of HA (MW: 20 kDa) with the amine group in dodecylamine
(Do) through amide formation, using EDC and sulfo-NHS (Figure 2a). First, HA (100 mg, 5 μmol) and
different molar ratios of dodecylamine (26.3, 13.1, 2.6 μmol) were added to a flask containing 25 mL of
the co-solvent (deionized water/pyridine = 4:1, v/v), EDC, and sulfo-NHS. Each reaction mixture was
stirred for 24 h at room temperature and 450 rpm, and freeze-dried to remove the unwanted solvent.
Each reactant was then dissolved in excess deionized water and dialyzed for three days against an
excess of deionized water. This was followed by freeze-drying to obtain the purified product as a
white powder. The synthesized HA–Do was introduced into the backbone of HA with varying molar
ratios of Do (HA–Do (A), HA–Do (B), and HA–Do (C)), and the compounds were analyzed using
FT-IR spectroscopy (Varian, Excalibur series, Palo Alto, CA, USA) and 1H-NMR (400 MHz, Varian
INOVA400 NMR spectrometer) spectroscopy (Palo Alto, CA, USA) with DMSO-d6/D2O (1:1, v/v).

3.3. Preparation of the Nanohydrogel

The nanohydrogel were prepared by a nanoemulsion method. First, 50 mg of HA–Do was
dissolved in 20 mL of deionized (DI) water, and ICG (1.5 mg) was dissolved into dichloromethane
(4 mL). After complete dissolution, the ICG containing organic phase was poured into the HA solution.
This solution was ultra-sonicated in an ice bath for 20 min at 450 rpm, and stirred overnight at
room temperature to evaporate the organic solvent (dichloromethane). The resulting suspension
was centrifuged three times for 30 min each at 18,000 rpm. After the supernatant was removed,
the precipitated nanohydrogel was re-dispersed in 5 mL of DI water. After the preparation, the size
distributions and morphologies of the nanohydrogels were analyzed by laser scattering (ELS-Z, Otsuka
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Electronics, Taipei, Taiwan) and transmission electron microscopy (TEM, JEM-1011, JEOL Ltd., Tokyo,
Japan), respectively. The absorption of the nanohydrogels was measured using UV–vis spectroscopy
(Winooski, VT, USA) to determine the ICG loading.

3.4. Cell Viability Tests with the Nanohydrogels

Cell viability tests of the nanohydrogels against MDA-MB-231 cells (a breast cancer cell line)
was evaluated by measuring the inhibition of the cell growth using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. MDA-MB-231 cells were maintained in RPMI containing
5% fetal bovine serum (FBS) and 1% antibiotics at 37 ◦C in a humidified atmosphere with 5% CO2.
The MDA-MB-231 cells (1.0 × 104 cells/well) were implanted in a 96-well plate at 37 ◦C overnight, and
the cells were treated with various concentrations of the nanohydrogels for 24 h. The MTT assay was
then performed, and yellow tetrazolium salt was reduced to purple formazan crystals in the metabolically
active cells. The relative percentage of the cell viability was determined as the ratio of the formazan
intensity in the viable cells treated with the nanohydrogels to the intensity in the non-treated (control)
cells. The cell viability was normalized to that of the non-treated cells (which were considered to have a
100% cell viability).

3.5. Intracellular Uptake of the Nanohydrogels

The MDA-MB-231 cells were seeded at a density of 106 cells/well in 8-well plates at 37 ◦C
overnight, and then, they were further incubated with the nanohydrogels in 5% CO2 for 13 h
at 37 ◦C. After washing three times with PBS, the cells stained cytoplasm using anti-cytoplasmic
antibody, and then Hoechst stained to stain the cell nucleus. Afterwards, the cells were fixed with
4% formaldehyde, and imaged using confocal laser scanning microscopy (CLSM) (LSM700, Carl Zeiss,
Jena, Germany) to visualize the fluorescence in the cells.

3.6. Ex Vivo Skin Permeation Study

The ex vivo skin permeation study was performed to investigate the effect of the nanohydrogels
on the enhancement of the ICG skin permeation using the Franz diffusion cell. The pig dorsal skin
was maintained in a deep-freezer before usage, and was thawed to 32.5 ◦C along with the PBS prior to
the experiment. A receptor chamber was filled with DI water, and a donor chamber was filled with
4 mL of the nanohydrogel (A) solution. The thawed skin was placed between the donor and receptor
chambers, exposing the stratum corneum side upwards, and the nanohydrogel solutions were applied
to the skin surface through the donor chamber. The receptor fluid was maintained at 37.5 ◦C under
constant magnetic stirring for the experiment. After 24, 48, and 72 h, each skin was removed from
the Franz diffusion cell, and washed three times with PBS. Subsequently, the skins were frozen in a
cryomold and cross-sectioned. Each slide was stained with Hoechst solution, to stain the nucleus of the
skin cells, and washed with PBS. The nanohydrogel permeation into the skin was analyzed by CLSM.
Buffer (non-treatment) and free ICG tests were performed in the same manner to serve as controls.

4. Conclusions

In this study, we synthesized HA–Do and nanohydrogels as transdermal delivery systems for
the effective delivery of lipophilic agents. HA–Do was synthesized by varying the substitution ratio
of Do to HA, and the synthetic yield was more than 80%. Nanohydrogels were fabricated with ICG,
which was used as a model agent, and simultaneously encapsulated by amphiphilic HA–Do using the
nanoemulsion method. We verified that nanohydrogel (A) can deliver ICG into the dermis layer of the
skin with a good biocompatibility through in vitro/ex vivo studies. Based on this study, we believe
that our nanohydrogels have promising potential for diverse applications as transdermal delivery
systems in pharmaceutical and cosmetic industries.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/12/427/s1,
Figure S1: CLSM images of MDA-MB-231 cells incubated with Nanohydrogels for 13 h (left lane: ICG, middle lane:
Hoechst and right lane: Merged image).

Acknowledgments: This work was supported by the Global Frontier Project (H-GUARD_2014M3A6B2060489
and H-GUARD_2014M3A6B2 060507) through the Center for BioNano Health-Guard funded by the Ministry of
Science and ICT (MSIT) and the KRIBB Research Initiative Program of the Republic of Korea.

Author Contributions: Eun-Kyung Lim designed the experiments and wrote the paper; Seong Uk Son and
Jae-woo Lim performed the experiments and analyzed the data; Taejoon Kang and Juyeon Jung contributed the
reagents/materials/analysis tools.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bolzinger, M.-A.; Briançon, S.; Pelletier, J.; Chevalier, Y. Penetration of drugs through skin, a complex
rate-controlling membrane. Curr. Opin. Colloid Interface Sci. 2012, 17, 156–165. [CrossRef]

2. Kong, M.; Chen, X.G.; Kweon, D.K.; Park, H.J. Investigations on skin permeation of hyaluronic acid based
nanoemulsion as transdermal carrier. Carbohydr. Polym. 2011, 86, 837–843. [CrossRef]

3. Verma, D. Particle size of liposomes influences dermal delivery of substances into skin. Int. J. Pharm. 2003,
258, 141–151. [CrossRef]

4. Schaefer, H.; Redelmeier, T.E. Skin Barrier: Principles of Percutaneous Absorption; Karger: Freiburg im Breisgau,
Germany, 1996.

5. Gupta, M.; Agrawal, A.; Vyas, S.P. Nanocarrier-based topical drug delivery for the treatment of skin diseases.
Expert Opin. Drug Deliv. 2012, 9, 783–804. [CrossRef] [PubMed]

6. Godin, B.; Touitou, E. Transdermal skin delivery: Predictions for humans from in vivo, ex vivo and animal
models. Adv. Drug Deliv. Rev. 2007, 59, 1152–1161. [CrossRef] [PubMed]

7. Alkilani, A.Z.; McCrudden, M.T.; Donnelly, R.F. Transdermal drug delivery: Innovative pharmaceutical
developments based on disruption of the barrier properties of the stratum corneum. Pharmaceutics 2015, 7,
438–470. [CrossRef] [PubMed]

8. Barua, S.; Mitragotri, S. Challenges associated with penetration of nanoparticles across cell and tissue barriers:
A review of current status and future prospects. Nano Today 2014, 9, 223–243. [CrossRef] [PubMed]

9. Muller, R.H.; Petersen, R.D.; Hommoss, A.; Pardeike, J. Nanostructured lipid carriers (NLC) in cosmetic
dermal products. Adv. Drug Deliv. Rev. 2007, 59, 522–530. [CrossRef] [PubMed]

10. El Maghraby, G.M.; Barry, B.W.; Williams, A.C. Liposomes and skin: From drug delivery to model membranes.
Eur. J. Pharm. Sci. 2008, 34, 203–222. [CrossRef] [PubMed]

11. Verma, D.D.; Verma, S.; Blume, G.; Fahr, A. Liposomes increase skin penetration of entrapped and
non-entrapped hydrophilic substances into human skin: A skin penetration and confocal laser scanning
microscopy study. Eur. J. Pharm. Biopharm. 2003, 55, 271–277. [CrossRef]

12. Yang, J.A.; Kim, E.S.; Kwon, J.H.; Kim, H.; Shin, J.H.; Yun, S.H.; Choi, K.Y.; Hahn, S.K. Transdermal delivery of
hyaluronic acid—Human growth hormone conjugate. Biomaterials 2012, 33, 5947–5954. [CrossRef] [PubMed]

13. Teodorescu, F.; Queniat, G.; Foulon, C.; Lecoeur, M.; Barras, A.; Boulahneche, S.; Medjram, M.S.; Hubert, T.;
Abderrahmani, A.; Boukherroub, R.; et al. Transdermal skin patch based on reduced graphene oxide: A new
approach for photothermal triggered permeation of ondansetron across porcine skin. J. Control. Release 2017,
245, 137–146. [CrossRef] [PubMed]

14. Moga, K.A.; Bickford, L.R.; Geil, R.D.; Dunn, S.S.; Pandya, A.A.; Wang, Y.; Fain, J.H.; Archuleta, C.F.;
O’Neill, A.T.; Desimone, J.M. Rapidly-dissolvable microneedle patches via a highly scalable and reproducible
soft lithography approach. Adv. Mater. 2013, 25, 5060–5066. [CrossRef] [PubMed]

15. Tran, C.; Carraux, P.; Micheels, P.; Kaya, G.; Salomon, D. In vivo bio-integration of three hyaluronic acid
fillers in human skin: A histological study. Dermatology 2014, 228, 47–54. [CrossRef] [PubMed]

16. Hedtrich, S.; Frieß, W. Hyaluronic acid for percutaneous drug delivery. In Percutaneous Penetration Enhancers
Chemical Methods in Penetration Enhancement; Springer: Berlin, Germany, 2015; pp. 1–10.

17. Necas, J.; Bartosikova, L.; Brauner, P.; Kolar, J. Hyaluronic acid (hyaluronan): A review. Vet. Med. 2008, 53,
397–411.

18. Sakai, S.; Yasuda, R.; Sayo, T.; Ishikawa, O.; Inoue, S. Hyaluronan exists in the normal stratum corneum.
J. Investig. Dermatol. 2000, 114, 1184–1187. [CrossRef] [PubMed]



Nanomaterials 2017, 7, 427 10 of 11

19. Essendoubi, M.; Gobinet, C.; Reynaud, R.; Angiboust, J.F.; Manfait, M.; Piot, O. Human skin penetration of
hyaluronic acid of different molecular weights as probed by raman spectroscopy. Skin Res. Technol. 2016, 22,
55–62. [CrossRef] [PubMed]

20. Brown, M.B.; Jones, S.A. Hyaluronic acid: A unique topical vehicle for the localized delivery of drugs to the
skin. J. Eur. Acad. Dermatol. Venereol. 2005, 19, 308–318. [CrossRef] [PubMed]

21. Brown, T.J.; Alcorn, D.; Fraser, J.R. Absorption of hyaluronan applied to the surface of intact skin.
J. Investig. Dermatol. 1999, 113, 740–746. [CrossRef] [PubMed]

22. Yu, A.; Niiyama, H.; Kondo, S.; Yamamoto, A.; Suzuki, R.; Kuroyanagi, Y. Wound dressing composed of
hyaluronic acid and collagen containing EGF or bFGF: Comparative culture study. J. Biomater. Sci. Polym. Ed.
2013, 24, 1015–1026. [CrossRef] [PubMed]

23. Zaki, N.M.; Nasti, A.; Tirelli, N. Nanocarriers for cytoplasmic delivery: Cellular uptake and intracellular fate
of chitosan and hyaluronic acid-coated chitosan nanoparticles in a phagocytic cell model. Macromol. Biosci.
2011, 11, 1747–1760. [CrossRef] [PubMed]

24. Pavicic, T.; Gauglitz, G.G.; Lersch, P.; Schwach-Abdellaoui, K.; Malle, B.; Korting, H.C.; Farwick, M. Efficacy of
cream-based novel formulations of hyaluronic acid of different molecular weights in anti-wrinkle treatment.
J. Drugs Dermatol. 2011, 10, 990–1000. [PubMed]

25. Matsumoto, Y.; Kuroyanagi, Y. Development of a wound dressing composed of hyaluronic acid sponge
containing arginine and epidermal growth factor. J. Biomater. Sci. Polym. Ed. 2010, 21, 715–726. [CrossRef]
[PubMed]

26. Symonette, C.J.; Kaur Mann, A.; Tan, X.C.; Tolg, C.; Ma, J.; Perera, F.; Yazdani, A.; Turley, E.A.
Hyaluronan-phosphatidylethanolamine polymers form pericellular coats on keratinocytes and promote
basal keratinocyte proliferation. BioMed Res. Int. 2014, 2014, 727459. [CrossRef] [PubMed]

27. Kurisawa, M.; Chung, J.E.; Yang, Y.Y.; Gao, S.J.; Uyama, H. Injectable biodegradable hydrogels composed of
hyaluronic acid-tyramine conjugates for drug delivery and tissue engineering. Chem. Commun. 2005, 34,
4312–4314. [CrossRef] [PubMed]

28. Shin, J.; Lee, J.S.; Lee, C.; Park, H.-J.; Yang, K.; Jin, Y.; Ryu, J.H.; Hong, K.S.; Moon, S.-H.; Chung, H.-M.; et al.
Tissue adhesive catechol-modified hyaluronic acid hydrogel for effective, minimally invasive cell therapy.
Adv. Funct. Mater. 2015, 25, 3814–3824. [CrossRef]

29. Collier, J.H.; Camp, J.P.; Hudson, T.W.; Schmidt, C.E. Synthesis and characterization of polypyrrole-hyaluronic
acid composite biomaterials for tissue engineering applications. J. Biomed. Mater. Res. 2000, 50, 574–584. [CrossRef]

30. Kim, K.S.; Kim, H.; Park, Y.; Kong, W.H.; Lee, S.W.; Kwok, S.J.; Hahn, S.K.; Yun, S.H. Noninvasive transdermal
vaccination using hyaluronan nanocarriers and laser adjuvant. Adv. Funct. Mater. 2016, 26, 2512–2522.
[CrossRef] [PubMed]

31. Choi, K.Y.; Yoon, H.Y.; Kim, J.H.; Bae, S.M.; Park, R.W.; Kang, Y.M.; Kim, I.S.; Kwon, I.C.; Choi, K.;
Jeong, S.Y.; et al. Smart nanocarrier based on pegylated hyalruonic acid for cancer therapy. ACS Nano
2011, 5, 8591–8599. [CrossRef] [PubMed]

32. Kong, M.; Hou, L.; Wang, J.; Feng, C.; Liu, Y.; Cheng, X.; Chen, X. Enhanced transdermal lymphatic drug
delivery of hyaluronic acid modified transfersomes for tumor metastasis therapy. Chem. Commun. 2015, 51,
1453–1456. [CrossRef] [PubMed]

33. Shin, J.M.; Kim, S.H.; Thambi, T.; You, D.G.; Jeon, J.; Lee, J.O.; Chung, B.Y.; Jo, D.G.; Park, J.H. A hyaluronic
acid-methotrexate conjugate for targeted therapy of rheumatoid arthritis. Chem. Commun. 2014, 50, 7632–7635.
[CrossRef] [PubMed]

34. Witting, M.; Boreham, A.; Brodwolf, R.; Vavrova, K.; Alexiev, U.; Friess, W.; Hedtrich, S. Interactions of
hyaluronic acid with the skin and implications for the dermal delivery of biomacromolecules. Mol. Pharm.
2015, 12, 1391–1401. [CrossRef] [PubMed]

35. Liu, Y.; Duan, L.J.; Kim, M.J.; Kim, J.-H.; Chung, D.J. In situ sodium alginate-hyaluronic acid hydrogel
coating method for clinical applications. Macromol. Res. 2013, 22, 240–247. [CrossRef]

36. Kim, H.; Kong, W.H.; Seong, K.Y.; Sung, D.K.; Jeong, H.; Kim, J.K.; Yang, S.Y.; Hahn, S.K.
Hyaluronate-epidermal growth factor conjugate for skin wound healing and regeneration. Biomacromolecules
2016, 17, 3694–3705. [CrossRef] [PubMed]

37. Monkare, J.; Reza Nejadnik, M.; Baccouche, K.; Romeijn, S.; Jiskoot, W.; Bouwstra, J.A. IgG-loaded
hyaluronan-based dissolving microneedles for intradermal protein delivery. J. Control. Release 2015, 218,
53–62. [CrossRef] [PubMed]



Nanomaterials 2017, 7, 427 11 of 11

38. Mok, H.; Jeong, H.; Kim, S.J.; Chung, B.H. Indocyanine green encapsulated nanogels for hyaluronidase
activatable and selective near infrared imaging of tumors and lymph nodes. Chem. Commun. 2012, 48,
8628–8630. [CrossRef] [PubMed]

39. Lim, E.K.; Kim, H.O.; Jang, E.; Park, J.; Lee, K.; Suh, J.S.; Huh, Y.M.; Haam, S. Hyaluronan-modified magnetic
nanoclusters for detection of CD44-overexpressing breast cancer by MR imaging. Biomaterials 2011, 32,
7941–7950. [CrossRef] [PubMed]

40. Van Vlierberghe, S.; Dubruel, P.; Schacht, E. Biopolymer-based hydrogels as scaffolds for tissue engineering
applications: A review. Biomacromolecules 2011, 12, 1387–1408. [CrossRef] [PubMed]

41. Nancy, E.; Larsen, E.A.L.; Edward, G. Parent and Endre A. Balazs. Hylan and hylan derivatives in drug
delivery. In Cosmetic and Pharmaceutical Applications of Polymers; Cheng, T., Gebelein, C.G., Yang, V.C., Eds.;
Springer Science+Business Media, LLC: New York, NY, USA, 1991.

42. Kong, M.; Park, H.J. Stability investigation of hyaluronic acid based nanoemulsion and its potential as
transdermal carrier. Carbohydr. Polym. 2011, 83, 1303–1310. [CrossRef]

43. Yang, C.; Wang, X.; Yao, X.; Zhang, Y.; Wu, W.; Jiang, X. Hyaluronic acid nanogels with enzyme-sensitive
cross-linking group for drug delivery. J. Control. Release 2015, 205, 206–217. [CrossRef] [PubMed]

44. Lim, E.K.; Yang, J.; Dinney, C.P.; Suh, J.S.; Huh, Y.M.; Haam, S. Self-assembled fluorescent magnetic
nanoprobes for multimode-biomedical imaging. Biomaterials 2010, 31, 9310–9319. [CrossRef] [PubMed]

45. Lim, E.-K.; Jang, E.; Kim, J.; Lee, T.; Kim, E.; Park, H.S.; Suh, J.-S.; Huh, Y.-M.; Haam, S. Self-fabricated
dextran-coated gold nanoparticles using pyrenyl dextran as a reducible stabilizer and their application as ct
imaging agents for atherosclerosis. J. Mater. Chem. 2012, 22, 17518–17524. [CrossRef]

46. Atrux-Tallau, N.; Delmas, T.; Han, S.H.; Kim, J.W.; Bibette, J. Skin cell targeting with self-assembled ligand
addressed nanoemulsion droplets. Int. J. Cosmet. Sci. 2013, 35, 310–318. [CrossRef] [PubMed]

47. Han, S.B.; Kwon, S.S.; Jeong, Y.M.; Yu, E.R.; Park, S.N. Physical characterization and in vitro skin permeation
of solid lipid nanoparticles for transdermal delivery of quercetin. Int. J. Cosmet. Sci. 2014, 36, 588–597.
[CrossRef] [PubMed]

48. Belhaj, N.; Arab-Tehrany, E.; Loing, E.; Bezivin, C. Skin delivery of hydrophilic molecules from liposomes
and polysaccharide-coated liposomes. Int. J. Cosmet. Sci. 2017, 39, 435–441. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


