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A B S T R A C T

The impermeability of the cell plasma membrane is one of the major barriers for protein transduction
into mammalian cells, and it also limits the use of proteins as therapeutic agents. Protein transduction has
usually been achieved based on certain invasive processes or cell penetrating peptides (CPP). Herein we
report our study in which a synthetic guanidine-rich molecular carrier is used as a delivery vector for
intracellular and transdermal delivery of proteins. First a sorbitol-based molecular carrier having 8
guanidine units (Sor-G8) was synthesized, and then was simply mixed with a cargo protein of varying
sizes to form the non-covalent complex of carrier-cargo proteins. These ionic complexes were shown to
have efficient cellular uptake properties. The optimum conditions including the molar ratio between
cargo protein and carrier, and the treatment time have been defined. Several protein cargoes were
successfully examined with differing sizes and molecular weights: green fluorescent protein (MW
27 kDa), albumin (66 kDa), concanavalin A (102 kDa), and immunoglobulin G (150 kDa). These non-
covalent complexes were also found to have excellent transdermal penetration ability into the mouse
skin. The skin penetration depth was studied histologically by light microscopy as well as two-photon
microscopy thus generating a depth profile. These complexes were largely found in the epidermis and
dermis layers, i.e. down to ca. 100 mm depth of the mouse skin. Our synthetic Sor-G8 carrier was found to
be substantially more efficient that Arg8 in both the intracellular transduction and the transdermal
delivery of proteins. The mechanism of the cellular uptake of the complex was briefly studied, and the
results suggested macropinocytosis.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Delivery of proteins into live cells is often required for a variety
of biology and biotechnology works such as probing signal
transduction pathways, imaging cytoplasmic organelles, cellular
reprogramming, structure-function analyses of cytoplasmic pro-
teins as well as delivery of therapeutic proteins (Kim et al., 2009;
Pawson and Nash, 2000; Ramakrishna et al., 2014; Rekha and
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Sharma, 2013; Zuris et al., 2014). However, transduction of proteins
into cells is highly limited due to their larger size, hydrophilic
nature, and tight permeability of cellular plasma membrane. Until
recently, the entry of proteins into a cell had been achieved mostly
by microinjection, electroporation, and lipofectamine-mediated
transfection. However, these techniques are labor intensive and
invasive to cells, which could result disruption of cell membrane
and low cell viability (Bamford et al., 2014; Qin et al., 2015).
Transdermal delivery of proteins is much more difficult due to the
“skin barrier” of stratum corneum, the outermost epidermal
sublayer (Bos and Meinardi, 2000; Madison, 2003; Naik et al.,
2000). This permeation barrier is the main hurdle in the
transdermal transport of proteins. Despite these disadvantages
(e.g. invasive, repeated administration requirement), the
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parenteral administration is still the most-used route for the
delivery of protein-based drugs (Herwadkar and Banga, 2012;
Kalluri and Banga, 2011).

During the study of the human immunodeficiency virus type 1
(HIV-1) transcription activator, it was found that a functional
domain of Tat (transcription activating protein of HIV-1) was
essential to cell membrane permeability (Frankel and Pabo, 1988;
Green and Loewenstein, 1988). This domain, called protein
transduction domains (PTDs) is rich in basic amino acids (lysine
and arginine). Starting from this discovery, many kinds of cell-
penetrating peptides (CPPs) were discovered or developed: Tat
peptide, poly-arginine, penetratin, transportan, MAP, etc. (Muss-
bach et al., 2011; Oehlke et al., 1998; Torchilin, 2008; Trabulo et al.,
2010). For example, green fluorescent protein (GFP) was coupled to
the cellular translocating peptide (transportan) and the resulting
fusion proteins or covalently linked proteins were shown to
penetrate into mammalian cell lines. Subsequent advances in CPPs
have enabled transduction of proteins into cells and tissues/organs
(Pooga et al., 2001; Schwarze and Dowdy, 2000; Suzuki et al., 2007;
Wadia and Dowdy, 2002). A 21-AA amphipathic peptide carrier
(Pep-1) was shown to help the cellular uptake of various proteins
such as GFP, b-Gal and antibodies without the need for prior
chemical covalent coupling with the cargoes (Morris et al., 2001).
Arginine-rich intracellular delivery (AID) peptides were also
shown to facilitate the delivery of proteins into cells and skin
tissues of mouse (Hu et al., 2009). An arginine heptamer was
conjugated to cyclosporin A (protein for inhibition of inflamma-
tion) through a pH-sensitive linker, and it was efficiently trans-
ported into cells in mouse and human skin (Rothbard et al., 2000).
In another case, AID-mediated peptides (Tat-PTD, R9, and R9Z)
were able to facilitate the delivery of proteins into cells and to
penetrate through skin tissues of mouse (Hou et al., 2007). This
cellular and transdermal delivery was made without covalent
conjugation, probably thanks to the protein–protein interactions
between carrier proteins/peptides and cargo proteins (Chang et al.,
2007; Liu et al., 2013).

Recently we have designed and prepared a series of novel
molecular carriers which are based on carbohydrate scaffolds
rather than peptides (Biswas et al., 2008; Chung et al., 2008; Ghosh
et al., 2010; Lee et al., 2011, 2009; Maiti et al., 2007, 2006). Multiple
guanidine units have been attached to carbohydrate scaffolds such
as monosaccharides (glucose, mannose, allose and galactose),
disaccharides (sucrose, lactose, and trehalose), inositols and
sorbitols, and their delivery properties (plasma membrane
penetration, intracellular localization, and mechanism, etc.) have
been studied. We have also utilized some of these synthetic
molecular carriers for the delivery of various small and large cargo
molecules into mammalian tissues and organs (Biswas et al., 2017;
Im et al., 2012, 2011a, 2011b, 2009; Jin et al., 2011). A number of the
synthetic molecular carriers displayed interesting and unique
properties. For example, the sorbitol-based G8 carrier was found to
penetrate the cellular membranes so efficiently that it could drag a
very large cargo into cells and tissues including the mouse brain.
The molecular complex (diameter of ca. 18–20 nm), prepared from
a streptavidin conjugated quantum dot and the biotin-conjugated
Sor-G8 carrier was found to penetrate into HeLa cells and
furthermore into the mouse brain, overcoming the blood-brain
barrier (BBB) (Im et al., 2011a). The taxol-conjugated Sor-G8 carrier
exhibited good anti-tumor activity in the mouse model of
glioblastoma (Jin et al., 2011). Hence it has been envisioned that
when the positively charged Sor-G8 carrier is suitably complexed
with an anionic cargo (proteins as well as small molecules), the
ionic complex might be able to cross the cellular membranes and
even possibly the skin barriers, although the carrier-cargo binding
is not expected to be strong enough to penetrate into more deep
seated tissues/organs. Thus, we have carried out such studies and
herein we wish to report the affirmative results.

2. Materials and methods

2.1. General methods of chemical synthesis

All commercial chemicals were used as received except for
solvents, which were purified and dried by standard methods prior
to use. Analytical TLC was performed on a Merck 60 F254 silica gel
plate (0.25 mm thickness), and visualization was done with UV
light (254 nm and 365 nm), and/or by spraying with a 5% solution
of phosphomolybdic acid or ninhydrin, followed by charring with a
heat gun. Column chromatography was performed on Merck 60
silica gel (70–230 or 230–400 mesh). NMR spectra were recorded
on a Bruker DRX 500 (1H NMR at 500 MHz; 13C NMR at 125 MHz)
spectrometer. Analytical HPLC was performed on Agilent 1220
infinity LC with an analytical column (eclipse XDB-C18, 3.5 mm,
4.6 � 150 mm). High resolution mass spectra were obtained on
MALDI TOF mode on a Voyager-DE STR system.

2.2. Synthesis of 1,6-O-bistrityl-D-sorbitol (compound 1)

To a solution of D-sorbitol (1 g, 5.5 mmol) in pyridine (15 ml),
was added trityl chloride (3.37 g, 12.1 mmol), and the temperature
was slowly increased to 100 �C and with stirring overnight. After
completion of the reaction, pyridine was removed under reduced
pressure and the resulting solid was dissolved in CH2Cl2 and
washed with water and brine. The crude product was purified by
column chromatography on 70–230 mesh size silica gel using
EtOAc/hexane solvent system, followed by trituration with 5%
ether in hexane to give compound 1 (1.4 g, 38%) as off white solid.
Characterization data of the compound was in good agreement
with the published report (Maiti et al., 2007).

2.3. Synthesis of 1,6-O-bistrityl-2,3,4,5-tetra-O-(N-{bis-[3-(N0, N0-bis-
Boc-guanidino)-propyl]}-6-aminohexanoyl)-D-sorbitol (compound 2)

Compound 1 (0.1 g, 0.15 mmol) in dry CH2Cl2 (5 ml) was stored
in a vial containing freshly dried 4 Å molecular sieves powder
(100 mg). To this solution, compound 4 (0.66 g, 0.9 mmol), EDC
(0.2 g, 1.05 mmol), DMAP (0.037 g, 0.3 mmol) in CH2Cl2 (2 ml) were
added. The reaction mixture was stirred for 3 days at rt under inert
atmosphere. The reaction mixture was filtered and the filtrate was
washed with CH2Cl2, and saturated NaHCO3 solution. Organic layer
was dried over Na2SO4, filtered and concentrated under vacuum to
give the crude product, which was purified by column chroma-
tography (70–230 mesh size silica; 8% MeOH in CH2Cl2 as eluent) to
give compound 2 (0.34 g, 64%) as a foamy white solid. Rf: 0.5 (8%
MeOH in CH2Cl2). 1H NMR (CDCl3): d 11.5 (s, 8H), 8.5 (s, 8H), 7.44–
7.18 (m, 30H), 5.76–5.74 (m, 1H), 5.24–5.02 (m, 3H), 3.45–3.37 (m,
16H), 3.28 (brs, 2H), 3.11–3.01 (m, 2H), 2.46–1.88 (m, 32H), 1.69–
1.25 (m, 184H); 13C NMR (CDCl3): d 172.7, 172.3, 172.2, 171.7, 163.7,
156.2, 153.2, 153.1, 143.6, 143.5, 128.8, 128.7, 127.9, 127.8, 127.2,
127.1, 86.8, 86.7, 83.0, 82.9, 79.2, 79.1, 71.1, 69.3, 68.4, 68.2, 62.3,
61.9, 51.7, 39.7, 34.4, 34.3, 34.0, 33.8, 29.7, 28.5, 28.4, 28.1, 27.4, 27.2,
26.3, 24.9, 24.8, 24.6.

2.4. Synthesis of 2,3,4,5-tetra-O-[N-{bis-(3-guanidinopropyl)}-6-
aminohexanoyl]-D-sorbitol�8HCl (compound 3)

Compound 2 (75 mg, 0.02 mmol) was dissolved in 4 M HCl in
dioxane (0.3 ml), and stirred for one day at rt. Reaction mixture was
filtered and the residue was washed with EtOAc. The resulting solid
was dissolved in deionized water, filtered through a PTGE syringe
filter and lyophilized to give crude product. The crude product was



Scheme 1. Synthetic scheme of Sor-G8 (compound 3), i) TrCl, pyridine, 24 h, 38%; ii)
4, EDC, DMAP, dry CH2Cl2, 3 days, rt, 64%; iii) 4 M HCl in dioxane, 24 h, rt, 35%.
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purified by preparative HPLC (Agilent 1120 compact LC) on VYDAC-
C18 monochromatic reverse column to provide compound 3
(10 mg, 35%) as a white foamy solid. 1H NMR (D2O): d 5.27–5.21 (m,
3H), 4.29–4.12 (m, 3H), 3.76–3.62 (m, 2H), 3.42–3.1 (m, 40H), 2.44–
2.29 (m, 8H), 1.95 (brs, 16H), 1.66–1.47 (m, 17H), 1.33 (brs, 7H); MS
(MALDI TOF) m/z calculated for C62H130N28O10 is 1427.05, found
1427.6 (M+). Analytical HPLC: tR = 1.14 min (eclipse XDB-C18, flow
rate 0.7 ml/min; UV: l = 220 nm; H2O: CH3CN 70:30 with 0.1% TFA),
purity >98%.

2.5. Materials in biological work

Wild type GFP (Activ A. victoria GFP full length protein) was
obtained from Abcam (USA). It is a recombinant protein and the
source is E. coli. Chlorpromazine, methyl-b-cyclodextrin, wort-
mannin were purchased from Aldrich (USA). FITC-conjugated
albumin, FITC-conjugated concanavalin A, and Immunoglobulin-
FITC were purchased from Sigma (USA). Arg8 was synthesized by
Peptron (Daejeon, Korea). The nude mouse (BALB/cAnN/CrljOrinu/
nu, 7W(F)) was obtained from Orient (Korea). High glucose
Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s phos-
phate buffered saline (PBS, pH 7.4), fetal bovine serum (FBS), and
penicillin were obtained from Invitrogen (USA). Milli-Q purified
water (18.2 MV) was used to prepare all aqueous solutions.

2.6. Cell culture and cellular uptake experiments

HeLa cells were cultured at 37 �C in a humidified 5% CO2

containing air environment in DMEM and 10% (v/v) FBS with
penicillin. When cells were reached to confluence, they were
seeded into an 8-well chambered cover glass (NuncTM Lab-TekTM II,
Nalgen Nunc International, USA) and cultured for 40 h to the cell
density of approximately 6 � 104 cells/ml. After removing the
medium, HeLa cells were washed with PBS (X1). The carrier/
protein complex was initially prepared in distilled water and
diluted to the proper concentration by mixing with serum-free
medium. Then the ionic complex (Sor-G8/protein) solution was
applied to HeLa cells and the final working volume for each well
was 250 ml.

2.7. Confocal microscopy and quantification of cellular uptake

After incubation of HeLa cells and removing cell media, each
well was washed three times with cold PBS to remove non-
internalized samples, and then filled with warm PBS to observe live
cells directly on the chambered cover glass. Confocal laser
scanning microscopy was performed by Olympus Fluoview
FV1000 equipped with an oil immersion lens (N.A. 1.30, 40�,
planApo) without fixing the cells. GFP and FITC were excited at
488 nm by argon laser, and their fluorescence was observed and
collected by emission bandpass filter 500–550 nm. The relative
intensities of fluorescent images were quantified by using ImageJ
software (NIH, USA). An average of 10 individual cells was used in
quantitative analysis. Cells in division or apoptosis stage are
excluded in the analysis. All the analyses were conducted in
triplicate and two independent experiments were repeated to
calculate the average cellular uptake.

2.8. Endocytosis inhibition studies

In order to inhibit the specific endocytosis pathway, each drug
described below was treated in the cell medium and then the Sor-
G8/GFP complex was added later to the medium. HeLa cells were
preincubated with one of the drugs (inhibitors) in DMEM:
chlorpromazine (30 mM) for clathrin-mediated endocytosis, meth-
yl-b-cyclodextrin (10 mM) for caveolae-mediated endocytosis,
wortmannin (100 nM) for macropinocytosis. After incubating for
30 min, a small amount of ready-made Sor-G8/GFP complex
solution was added to the medium, adjusting the final complex
concentration to 3 mM. After further incubation for 4 h, cells were
washed with cold PBS and then analyzed by confocal microscope.
Control experiments without inhibitors were similarly performed.

2.9. Mouse skin anatomy

A nude mouse was sacrificed by cervical spine dislocation and
the abdomen was sprayed down with 70% (v/v) ethanol. Using a
tweezer and dermablade, the skin was peeled off from the
abdomen. Specimens were fixed in 4% paraformaldehyde in PBS for
overnight at 4 �C. The paraffin was infiltrated in the samples
through the tissue processor (Shandon, USA), and the paraffin
infiltrated specimens were embedded in paraffin blocks. The tissue
in paraffin block was sectioned in 5 mm thickness by microtome
(Leica, Germany) and the section was transferred to a glass slide.
After processing through deparaffinization and hydration, the
tissue section on the glass was stained by hematoxylin-eosin and
observed under a bright field light microscope (Olympus, Japan).
The microscopic figures were scanned and the distances were
measured by Olyvia program (Olympus, Japan).

2.10. Transdermal delivery study by two photon microscopy

The Sor-G8/GFP or R8/GFP complex in distilled water (33 mM,
20 ml) was prepared to clear homogenous solution. A nude mouse
was anesthetized by administering a gas mixture of 1.5%/v
isoflurane (TerrelTM, Piramal) and medical grade oxygen to the
animal kept in a chamber. Maintaining anesthesia, the complex
solution was gently applied to the abdomen skin of the mouse
within a 3 � 2 mm rectangular area without scribbling or shaving.
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GFP alone were also applied to the mouse skin as a control. After
waiting for 3 h at room temperature, the mouse was sacrificed by
cervical spine dislocation and then the skin section was shaved
using a dermablade. The specimen was immediately mounted on a
cover glass without fixation and the imaging study was carried out
by a two photon microscopy (TCS SP5 II MP, Leica) with Ti:Sapphire
laser (Chameleon Vision II, Coherent) and an objective lens (HCX
IRAPO L 25�, N.A. 0.95 W, Leica). The step size for depth profiling
was 3.01 mm, and the pinhole size was 55.8 mm. Samples were
excited at 900 nm, and their fluorescence was analyzed at 525/
50 nm to acquire images in green pseudocolor. The same protocols
were used for other proteins such as albumin-F, ConA-F, IgG-F. All
the mouse experiments were performed in the POSTECH animal
facility and were approved by the POSTECH Institutional Animal
Care and Use Committee.

3. Results and discussion

3.1. Synthesis of unloaded sorbitol-G8 molecular carrier

Bistritylated sorbitol (1) and bisguanidinylated carboxylic acid
(4) were prepared from D-sorbitol and 6-aminocaproic acid,
respectively according to the literature procedure (Maiti et al.,
2007). Compounds 1 and 4 were coupled together in the presence
of EDC and DMAP in CH2Cl2 to produce compound 2 in 64% yield.
After purification, the compound (2) was treated with 4 M HCl in
dioxane solution to remove all protecting groups yielding the
desired compound (3) as its HCl salt (Scheme 1). The product (3;
Sor-G8) without any conjugated cargo or fluorescent tag was
purified by preparative RP-HPLC and fully characterized by 1H NMR
and mass spectrometry.

3.2. Investigating the molar ratio of GFP/Sor-G8 complex for efficient
cellular uptake

We first investigated the influence of the molar ratio between
the protein and Sor-G8 on the cellular internalization. A wild type
GFP (Abcam, USA) was selected as the reference cargo. Each well of
live Hela cells was treated with a fixed amount of GFP (3 mM) and
with a varying molar amount of Sor-G8. The treated cells were
incubated for 4 h, washed with cold PBS (pH 7.4) three times, and
then directly observed by confocal laser microscopy (Olympus
Fig. 1. The molar ratio of GFP/Sor-G8 complex and its fluorescent images in live HeLa cel
(e) 1:40, and (f) 1:60. (g) Relative fluorescence intensity in Hela cells at varying molar
Fluoview FV1000, N.A.1.30, 40�, oil immersion lens). The degree of
internalization of the complex was estimated by the fluorescence
(GFP emission) intensity. Treated with GFP alone as a control no
cellular uptake was observed (GFP/Sor-G8; 1:0), indicating the
protein could not cross the cell membrane by itself. Fluorescence
signal of GFP was detectable and gradually increased until the
molar ratio of GFP/Sor-G8 increased from 1:5 to 1:40. A plateau or
slight decline in the fluorescence intensity appeared at the molar
ratio of 1:60, indicating there exists an optimum concentration and
internalization of Sor-G8 (Fig. 1).

As it is known that the net charge of GFP is �8 and the pI 5.80,
the surface of GFP is expected to be negatively charged in the
neutral buffer solution (Lawrence et al., 2007). The pKa values of
the guanidinium residues of Sor-G8 may be assumed to be similar
to that of guanidinium of arginine i.e.12.5, thus likely rendering the
surface of Sor-G8 positive. The negatively charged GFP and the
positively charged Sor-G8 are expected to interact through the
electrostatic and hydrogen-bonding interactions to form an ionic
complex, in contrast to the predominant hydrophobic interactions
known to present in the protein–protein interactions. However,
the sum of these weak noncovalent bonding interactions is
evidently strong enough to pull the protein cargo into the cell. In
the subsequent uptake experiments the molar ratio of GFP (3 mM)
to Sor-G8 was fixed at 1:40.

3.3. Time course study of the cellular uptake of GFP/Sor-G8 complex

Kinetics of the cellular uptake process was investigated by the
varying incubation time. Each well of Hela cells was treated with
GFP (3 mM)/Sor-G8 (1:40) complex for 10, 30 min, 1, 2, 4, and 8 h at
37 �C. While maintaining the set parameters of the confocal
microscope, cells were quickly washed with cold PBS and observed
for the fluorescence imaging. The fluorescence was negligible after
1 h incubation and very dim after 2 h. A reasonably strong
fluorescence was reached after 4 h incubation and the fluorescence
appeared exclusively in the cytoplasm. The translocation of GFP/
Sor-G8 complex into HeLa cells occurred rather slowly compared
to FITC-conjugated Sor-G8, which showed good fluorescence
signals within 30 min (Maiti et al., 2007). This observation
indicates that the efficiency of the cellular uptake is substantially
dependent on the cargo’s size as expected. GFP consists of 238
amino acid residues with the molecular wt. 26.9 kDa, while FITC
ls by confocal microscopy: GFP/Sor-G8 molar ratio: (a) 1:0, (b) 1:5, (c) 1:10, (d) 1:20,
 ratios of GFP and Sor-G8.



Fig. 2. Confocal microscope images for the time dependent internalization of the GFP/Sor-G8 complex. Incubation time: (a) 30 min, (b) 1 h, (c) 2 h, (d) 4 h, and (e) 8 h. (f)
Relative fluorescence intensity in HeLa cells at varying incubation times.
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has a molecular weight of 389.38 Da. At the molar ratio 1:40 of GFP
(3 mM)/Sor-G8, the incubation time required to show a reasonable
fluorescence intensity of the cells is about 4 h (Fig. 2).

3.4. Internalization mechanism of Sor-G8/GFP complex

Previously it was reported that the cellular uptake of FITC-
conjugated Sor-G8 compound was via an energy-dependent
endocytosis mechanism (Maiti et al., 2007). The FITC-conjugated
Sor-G8 could not enter HeLa cells when incubated at low
Fig. 3. Study of the internalization mechanism using endocytosis inhibitors. (a) clat
endocytosis inhibition by methyl-b-cyclodextrin, (c) macropinocytosis inhibition by wor
conditions.
temperature (4 �C), or under the ATP depleted environments (Im
et al., 2011b; Maiti et al., 2007). In order to gain some insight into
the mechanistic aspect of the Sor-G8/GFP internalization, the
cellular uptake was studied using various known inhibitors for
clathrin-, caveolae-mediated endocytosis, and macropinocytosis.
To examine the possible involvement of clathrin in the Sor-G8/GFP
internalization, HeLa cells were pretreated with chlorpromazine
(30 mM), a well-known inhibitor for clathrin-mediated endocyto-
sis (Kam et al., 2006; Mo and Lim, 2004). A cholesterol-depleting
substance methyl-b-cyclodextrin (10 mM) was also examined for
hrin-mediated endocytosis inhibition by chlorpromazine, (b) caveolae-mediated
tmannin. (d) Relative fluorescence intensity of HeLa cells under different inhibition



Table 1
Size and pI value of proteins examined. The sizes of GFP, albumin, IgG are based on
the hydrodynamic size, and the size of ConA is obtained from crystallographic data.
(*depending on its isoforms).

Name MW (kDa) Diameter
(approximate, nm)

pI

GFP 27 4.6 6.2
Albumin 66 7.0 4.7
Concanavalin A 102 8.0 4.5–5.5*
Immunoglobulin G 150 10.6 5.1�7.6
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the inhibition of caveolae-mediated endocytosis. Caveolae are
flask-shaped proteins rich in cholesterol and sphingolipid domains
in many vertebrate cell types. They form endocytic vesicles for
endocytosis of sphingolipids, sphingolipid-binding toxins, albu-
min, insulin receptor, pathogenic bacteria, and certain viruses
(Singh et al., 2003; Vercauteren et al., 2010). After 30 min
incubation with these inhibitors, the Sor-G8/GFP complex was
added and incubated for additional 4 h. In the confocal microscope
images of live HeLa cells, the observed fluorescence intensities of
Sor-G8/GFP were not much different from that of control experi-
ments, indicating Sor-G8/GFP could penetrate into the cell even in
the presence of these inhibitors. Thus, it may be concluded that the
translocation of Sor-G8/GFP complex does not involve the clathrin-
or caveolae-mediated endocytosis (Fig. 3a, b).
Fig. 4. Intracellular delivery of proteins into HeLa cells, non-covalently mediated by Sor
proteins (albumin-F, ConA-F, IgG-F: each 3 mM) complexed with 120 mM of Sor-G8, (b
complexed with Sor-G8 or Arg8.
Macropinocytosis is a mode of endocytosis in which micro-
filaments rearrange to form macropinosomes. It can nonspecifi-
cally absorb solutes or substances in the extracellular fluid. The
cellular macropinocytosis could be blocked by using a phospha-
tidylinositol 3-kinase (PI3K) inhibitor, wortmannin (Bellette et al.,
2003; Kam et al., 2006). When HeLa cells were treated with
wortmannin (100 nM), the fluorescence of the Sor-G8/GFP
complex became very weak around the cell boundaries, suggesting
that the transport of Sor-G8/GFP was inhibited and related to
macropinocytosis (Fig. 3c). This represents an interesting contrast
to the report that the GFP coupled to Tat peptide or Tat protein was
internalized by a clathrin-independent caveolae-mediated process
(Ferrari et al., 2003; Fittipaldi et al., 2003). The intracellular uptake
process appears highly dependent on the carrier as well as cargo.

3.5. Intracellular delivery of various proteins mediated by Sor-G8 and
Arg8 carrier

For the study of the intracellular transduction of additional
proteins, we have selected proteins of differing sizes: FITC-
conjugated albumin (albumin-F, Sigma, USA), FITC-conjugated
concanavalin A (ConA-F, Sigma, USA), and Immunoglobulin-FITC
(IgG-F, from human serum, Sigma, USA). The molecular weights,
sizes (approximate diameters), and pI values of the selected
protein are listed in Table 1 (Armstrong et al., 2004; Hink et al.,
-G8 and arginine octamer (Arg8). (a) Confocal microscopy images of FITC-attached
) or Arg8 (4 h incubation time). (c) Relative fluorescence intensity from proteins
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2000; Pease et al., 2008; Reeke et al., 1975; Triguero et al., 1989;
Zhang et al., 2001). Sor-G8 was gently mixed with each protein and
the resulting complex was incubated with HeLa cells in the same
concentration, molar ratio, and incubation conditions as described
for the GFP experiments. The confocal microscope images have
clearly shown that all proteins are internalized into HeLa cells
(Fig. 4a). The results indicate Sor-G8 is an excellent carrier for non-
covalent ionic complex formation with proteins of varying sizes. In
the case of ConA-F, fluorescence is observed not only in cytoplasm
but also on the cell boundaries. Since concanavalin A has an affinity
for terminal a-D-mannosyl and a-D-glucosyl residues of cell
surface glycoproteins, a fraction of Sor-G8/ConA-F complex was
bound to cellular membrane proteins as well.

The uptake efficiencies were compared between the protein
complexes of Sor-G8 and arginine octamer (Arg8). Under the
identical experimental conditions for the cellular uptake of
proteins, the fluorescence intensities with Sor-G8 are much
brighter than those with Arg8 (Fig. 4b). The fluorescence intensity
of 10 cells was measured and quantified in average using ImageJ
software (NIH, USA) (Schneider et al., 2012). The relative intensity
profiles of the protein complexes with the Sor-G8 or Arg8 are
shown in Fig. 4c. This observation is consistent with the
expectation that the synthetic molecular carrier Sor-G8 is
substantially more efficient than Arg8, a representative CPP in
negotiating with biological membrane systems (e.g. cellular
plasma membrane and endothelial cell membrane of BBB) for
penetration (Maiti et al., 2007). On the basis of the present study it
can be assumed that acidic proteins with relative low pI values will
form non-covalent ionic complexes with Sor-G8 and other
Fig. 5. Transdermal delivery of non-covalent ionic complexes between cargo proteins So
(b) ionic complex solutions from Sor-G8 or Arg8 and cargo proteins were dropped onto t
Sor-G8/GFP, (d) Sor-G8/albumin-F, (e) Sor-G8/ConA-F, (f) Sor-G8/IgG-F (left images: fluor
Penetration depth of each ionic complexes with Sor-G8, Arg8 and control.
guanidine-rich carriers, and such complexes will be intracellularly
transduced into cells regardless of their sizes.

3.6. Transdermal delivery of proteins non-covalently mediated by Sor-
G8 and Arg8 carrier

The possible transdermal delivery of the protein complexes into
the mouse skin was also investigated. As previously mentioned, it
was envisaged that the non-covalent ionic complexes between the
positively charged molecular carrier (Sor-G8) and the negatively
charged cargoes including proteins and small molecules might be
able to cross the skin barrier even though the carrier-cargo binding
force may not be strong enough for penetrating into deep seated
tissues/organs. First, for the purpose of skin depth profiling
sections were prepared from the mouse (BALB/c/nu, Orient, Korea)
abdomen. Selected sections were stained and examined histologi-
cally with a light microscope (Olympus, Japan). Fig. 5a shows a
cross section of a mouse skin with different skin layers according to
the skin depth. Each skin layer thickness was measured by drawing
a line vertically from the skin surface. The average thickness of
epidermis was 20 mm, while dermis was 110 mm. Hypodermis
including white adipocytes and abortive hair follicles is located just
below dermis and its thickness was measured to be 250 mm.
Panniculus carnosus at the bottom was clearly seen as a striated
muscle (Driskell et al., 2014).

Next, 20 ml each of the solution of ionic complexes, prepared
from a carrier (Sor-G8 or Arg8) and a cargo protein (GFP, albumin-F,
ConA-F, IgG-F) was gently dropped on the abdomen of the
anesthetized mouse (Fig. 5b). Control experiments without any
carrier were also carried out by the same procedure. After 3 h, the
r-G8 or Arg8; (a) Image of a mouse skin section and its anatomy (scale bar: 100 mm),
he mouse’s abdomen, two photon microscope images of transdermal delivery of (c)
escence at a fixed depth of 36 mm; right images: fluorescence at deeper depths), (g)
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treated mouse tissue was sliced out and was examined with a two-
photon microscope, which facilitated the depth profile analysis in a
relatively thick sample with less photo damage. Each fluorescence
image was sequentially obtained according to the tissue depth, and
the final penetration depth was determined by the point where the
fluorescence faded out. In Fig. 5c-f, the fluorescence images of the
complexes from Sor-G8 and cargo proteins (GFP, albumin-F, ConA-
F, IgG-F) are shown at the fixed depth (36 mm) and at the deepest
visible depth. The penetration depths of the four complexes with
Sor-G8, Arg8 and control are compared in Fig. 5g. It was found that
the carrier-protein cargo complexes could clearly penetrate into
the mouse skin, and again the Sor-G8 carrier showed better
efficiency than Arg8 for all proteins examined. Although the
penetration depth was not optimized for any particular protein
cargo in terms of the concentration of the complex, the molar ratio
of the cargo/carrier, and treatment time, etc., all protein cargoes
could readily be delivered into the epidermis and dermis layers.
Similarly, noncovalent ionic complexes prepared from a number of
anionic small molecules (for examples 4-amino-benzoic acid, myo-
inositol-1-phosphate, ascorbic acid-2-phosphate, and UDP-
GlcNAc; all carrying FITC fluorophore) and Sor-G8 have been
observed to penetrate into epidermis and dermis layers of mouse
skin (Lee et al., 2014). Blood capillaries are widely present in the
dermis layer, while hypodermis consists primarily of loose
connective tissues and lobules of fat. It seems quite likely that
non-covalently complexed small molecule drugs and therapeutic
proteins can diffuse into the systemic circulation via capillaries in
dermis, thus making the transdermal delivery quite viable.

4. Conclusion

Many proteins are real and potential therapeutic drugs.
However, practical utility of protein drugs is impeded by delivery
problems because various biomembrane systems pose as barriers,
e.g. cellular, skin and blood-brain barriers. Previously, we have
developed a series of synthetic guanidine-rich molecular carriers,
and successfully employed them to tackle various drug delivery
problems, in particular delivery into brain. In the previous
successful deliveries the cargo molecules have been covalently
coupled with the carrier. However, in the present study we have
prepared non-covalent ionic complexes between the positively
charged molecular carrier (Sor-G8) and the negatively charged
protein cargoes (GFP, albumin, concanavalin A and Immunoglobu-
lin G). These ionic complexes have been found to be efficiently
internalized into HeLa cells, and furthermore they readily cross the
mouse skin barrier down to the epidermis and dermis layers. The
present method is expected to be applicable to the delivery of a
wide variety of proteins with acidic pI values, regardless of their
size. It is to be noted that the binding interactions between the
carrier and cargo in the present study are largely consisted of
electrostatic and hydrogen bonding interactions. This strategy is in
good contrast to the previously reported delivery cases in which
the protein cargoes interacts non-covalently with the protein/
peptide carrier through protein–protein interactions, which is
presumed to be largely hydrophobic in addition to some ionic
interactions. The fact that there exists an optimum range of molar
ratio of protein and cargo in the present delivery protocol seems to
suggest that the membrane internalization processes involve a
complex interplay between membrane surface (carboxylate,
phosphate, sulfate groups)-carrier (guanidinium), carrier-carrier,
and carrier-protein cargo. The present delivery methodology
should find many useful applications in the dermatology and
cosmeceutics areas.
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