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Abstract

Here, we introduce water-soluble guanidinylated chitosan (WGCS) as a candidate material for protein delivery systems to
enhance the cellular internalization of protein/peptide drugs. A WGCS composed of 48.2% guanidinylated chitosan, 20.6%
chitosan, and 31.2% chitin units was prepared with a low-molecular-weight chitosan (CS) lactate via a guanidinylation
reaction with 1-amidinopyrazole hydrochloride. The M, of WGCS was estimated by gel permeation chromatography
analysis to be 7.6 x 10° (M, /M, = 1.5). The higher chitin content in WGCS than in common CS (<20%) is an important
factor in achieving water solubility. WGCS showed ca. 2.5-fold higher internalization into HeLa cells than CS does. This
clearly indicated that guanidinylation enhances internalization. In addition, endocytic pathways were suggested as a
mechanism underlying internalization. Moreover, WGCS significantly enhanced the internalization of bovine serum albumin
(BSA) in transport medium at pH 7.4 containing BSA: the internalized amount of BSA in the presence of WGCS was ca.
2-fold higher than in the presence of CS. This higher internalization was caused by efficient binding between WGCS and
BSA via electrostatic interactions owing to the guanidino groups. Indeed, the affinity of the binding sites of WGCS is more
than 10-fold higher than that of the binding sites of CS.

Introduction

Although advances in medicines and medical technologies
have enabled the treatment of numerous diseases, many
intractable diseases still have no established treatments [1].
Protein/peptide drugs have attracted a great deal of attention
as possible therapeutic treatments for such diseases.
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Progress in biotechnology has enabled the production of
various protein/peptide drugs for therapeutic uses. How-
ever, the poor membrane permeability of these drugs due to
their high molecular weight (>500 Da) limits their cellular
internalization [2]. Improving permeability remains a great
challenge despite considerable efforts to develop novel
formulations to overcome those problems [3-8]. We believe
that a breakthrough toward this end will rely on the
development of highly permeable materials that are readily
available.

Chitosan (CS) is an amino polysaccharide produced by
the deacetylation of chitin [9-11]. CS is often used for
protein delivery systems to overcome the abovementioned
problem because CS can conjugate to protein/peptide drugs
via electrostatic interactions and can promote the membrane
permeation of the complex because of its amino groups [3].
In general, the characteristic functions of CSs rely on amino
groups. In addition, the higher reactivity of amino groups
enables the facile modification of CSs to develop functio-
nalized CS derivatives. On the other hand, common CSs are
soluble only in acidic media because the higher protonation
of an amino group at acidic pH than at neutral pH con-
tributes to the breaking of hydrogen bonds [12]; that is,
common CSs are insoluble at neutral pH. This lack of
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Fig. 1 Illustration of this study.
Preparation of WGCS (A),
internalization of WGCS (B),
and BSA in the presence of
WGCS (C)

Low molecular weight

CS lactate

solubility at biological pH hinders the application of CSs to
drug delivery systems (DDSs) [13]. Therefore, water-
soluble CSs are developed by controlling the molecular
weight [14, 15] and/or the degree of deacetylation [16—18]
or by chemical modification [19, 20]. In addition, the con-
jugation of CSs and CS derivatives with other materials,
such as liposomes [21], inorganic materials [22], and
polymers [23], via electrostatic interactions can also enable
the use of CSs and CS derivatives to develop novel DDSs.

We previously reported a simple method for producing
guanidinylated chitosan (GCS) with 1-amidinopyrazole
hydrochloride (AP) [24, 25]. GCS enhances electrostatic
interactions with protein/peptide drugs under biological
conditions because the guanidino group has lower acidity
(pKa: 12.5 in protonated form) than the amino group (pKa:
6.5 in protonated form) [26]. GCS should also enhance the
membrane permeability of drugs, similar to with the beha-
vior of arginine-rich cell-penetrating peptides [27-30].
However, the performance of GCS in improving membrane
permeability has not yet been investigated. In addition,
although other researchers have synthesized GCSs for
antibacterial, tissue engineering, and gene delivery uses, a
water-soluble GCS (WGCS) has not been previously
reported [31-34]. We believe that a WGCS that is useable at
biological pH is an ideal candidate material for taking full
advantage of the performance of guanidino groups to
develop various DDSs, including protein delivery systems.

Here, we show the preparation of WGCS and its cellular
internalization (Fig. 1). WGCS is prepared by the guanidiny-
lation of low-molecular-weight CS lactate (M, =5.6 % 103)
with AP. This CS lactate displays water solubility even at
alkaline pH because of its relatively low molecular weight.
Therefore, we expected that WGCS made with CS lactate to
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show solubility at approximately neutral pH. After we eval-
uated the cytotoxicity of WGCS, we investigated its cellular
internalization into HeLa cells. In addition, we examined the
cellular internalization of bovine serum albumin (BSA) as a
model protein drug incorporated with WGCS.

Experimental procedures
Materials

CS lactate was purchased from Koyo Chemical Co., Ltd.
(Tottori, Japan). The value of M,, estimated by gel permeation
chromatography (GPC) analysis with pullulan standards was
5.6%x10° (My/M,=2.4); the degree of deacetylation esti-
mated by elemental analysis was 68.8%. AP and 1-(3-dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Fluorescein isothiocyanate-dextran (FD4,
average molecular weight 3000-5000), Dulbecco’s modified
Eagle medium, high glucose (DMEM), and bovine serum
albumin—fluorescein isothiocyanate conjugate (F-BSA) were
purchased from Sigma—Aldrich (St. Louis, MO, USA). Trie-
thylamine, N-hydroxysuccinimide (NHS), Cellstain Hoechst
33342 solution, and octaarginine (R8) were purchased from
Fujifilm-Wako Co., Ltd. (Tokyo, Japan). A HeLa cell line
(CH3 BioSystems, Amherst, NY, USA) was purchased from
Funakoshi Co., Ltd. (Tokyo, Japan). Antibiotic—antimycotic
solution (100x), MEM nonessential amino acids solution
(10x), fetal bovine serum (qualified, US) (FBS), Hank’s
balanced salt solution (HBSS) (10x), phosphate-buffered sal-
ine (pH 7.4, 10x) (PBS), Trypan blue, and LysoTracker Green
were purchased from Thermo Fisher Scientific (Waltham,
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MA, USA). An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) cell counting kit (product code:
23506-80) and HEPES  (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) were purchased from Nacalai Tes-
que, Inc. (Kyoto, Japan). Other reagents were obtained at
commercial grade and used without further purification.

Measurements

'H nuclear magnetic resonance (NMR) spectra were
acquired on a JNM-ECP500 (JEOL, Tokyo, Japan). Ele-
mental analysis data were recorded on a Perkin Elmer 2400
I CHNS/O (Perkin Elmer, Waltham, MA, USA). M, and
M /M, of CS lactate and WGCS were measured by GPC at
40 °C in acetate buffer solution eluent: Asahipak GS-220
HQ, Asahipak GS-320 HQ, Asahipak GS-520 HQ, and
Asahipak GS-2G 7B (Shodex, Japan); an L-2130 pump, and
an L-2490 RI detector (Hitachi, Japan). The flow rate was
0.5 mL/min. Interactions between WGCS and F-BSA/FD4
were analyzed with the BLItz system (ForteBio, Fremont,
CA, USA). Absorbance values for the MTT assay were
recorded on a Multiskan GO (Thermo Fischer Scientific).
Fluorescence spectra were recorded on an RF-6000 (Shi-
madzu, Kyoto, Japan). Confocal laser scanning microscopy
(CLSM) images were recorded by a Fluoview FV10i
(Olympus, Tokyo, Japan) with an excitation light at 405 nm
(Hoechst 33342) or 473 nm (LysoTracker Green, R-CS,
R-WGCS, and F-BSA) and a blue filter (Hoechst 33342),
green filter (LysoTracker and F-BSA), or red filter (R-CS
and R-WGCS). Dynamic light scattering (DLS) was per-
formed with an ELSZ-1000 zeta potential and particle size
analyzer (Otsuka Electronics Co., Ltd., Japan).

Synthesis of WGCS

CS lactate (1.00 g, chitosan unit: 2.91 mmol) was dissolved
in distilled water (2.2mL). AP (1.75g, 11.9 mmol) was
added to the CS lactate solution, and the mixture was stirred
for 10 min. Triethylamine (1.45 g, 14.3 mmol) was added,
and the mixture was vigorously stirred for 7 days at room
temperature. The reaction mixture was subsequently poured
into a large volume of isopropanol, and the precipitated
product was collected by filtration and then washed with
methanol. The crude product was purified by dialysis with a
Visking tube (molecular weight cutoff: 3500) in a large
volume of water. The yield of the lyophilized product was
0.621g. '"H NMR (500 MHz, CD;COOD-D,0, 80°C)
8 =2.00 (CH3CO- and HCD,COOD in CD;COOD), 2.13
(CS and GCS units, H-2), 3.45-3.85 (the other sugar pro-
tons, CS and GCS units), 4.53 (CS and GCS units, H-1),
4.81 (N-acetylglucosamine unit, H-1). IR (cm’l, neat) 3320,
2896, 2865, 1710, 1640, 1582, 1549, 1376, 1317, 1030.
Elemental analysis C 39.07 H 6.63 N 12.60.

Filtration experiment of WGCS aqueous solution

WGCS (30.2 mg) was added to 10 mL of water and stirred
for 1h at room temperature. The WGCS solution was
passed through a syringe filter (Millipore Millex-GV;
0.45 ym). Additional water (5 mL) was passed through to
push out the WGCS solution remaining in the syringe filter.
The passed WGCS solution was lyophilized. The weight of
the lyophilized material was 27.4 mg.

Preparation of culture or transport medium

Culture medium [35]: Culture medium was prepared by
mixing DMEM (450 mL), antibiotic—antimycotic solution
(2.5 mL), MEM nonessential amino acids solution (5 mL),
and FBS (50 mL).

Transport medium [35]: Glucose (2.5g), HEPES
(2.25g), NaHCO; (0.35g), HBSS (100mL), and an
appropriate amount of WGCS/CS lactate solution (cyto-
toxicity assay) or 2.5 mg/mL. WGCS/CS with the rhoda-
mine group (R-WGCS/R-CS) solution prepared in 0.1 M
acetic acid (100 mL; cellular internalization experiment)
were mixed in ultrapure water (0.7 L), and the total volume
and pH of the solution were adjusted to 1.0L and 7.4,
respectively. The transport medium was filtered by a syr-
inge filter (Millipore Millex-GV; 0.45 um) for sterilization.

Cytotoxicity assay

A HeLa cell suspension (100 uL; 5.0 x 10* cells/mL cells
diluted by the culture medium) was seeded on 96-well
culture plates (FALCON®, Corning, Corning, NY, USA)
and cultured for 24 h (37 °C, 5% CO,). After incubation, the
culture medium was removed, and the cells were washed
twice with HBSS. Transport medium (pH 7.4) containing
WGCS or CS lactate was added, followed by incubation for
24h (37°C, 5% CO,). MTT solution (10 uL) was added,
followed by further incubation for 4h (37 °C, 5% CO,).
Formazan solubilization solution (100 uL) was added, fol-
lowed by incubation at 37 °C for 4 h. The absorbance at
570 nm (reference: 650 nm) was recorded by a microplate
reader. Cell viability was determined by the following
equation:

Absorb f le soluti
sorbance of sample solution . ./

(1)

Cell viabilit =
ell viability (%) Absorbance of blank solution
Cellular internalization of WGCS

HeLa cell suspension (2.2mL; 6.0 x 10* cells/mL cells

diluted by the culture medium) was seeded on a cell cul-
ture dish with a glass bottom (dish diameter: 35 mm, glass
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Fig. 2 Photographic images of 3 mg/mL WGCS and CS solutions (water; A, 0.1 M acetic acid solution; B) and their DLS diagrams (WGCS in
water; C, WGCS in 0.1 M acetic acid solution; D, CS in 0.1 M acetic acid solution; E)

diameter: 14 mm) and cultured for 72 h (37 °C, 5% CO,).
After incubation, the culture medium was removed, and
the cells were washed twice with HBSS. Transport med-
ium containing 0.25mg/mL.  R-WGCS/R-CS and
10 pg/mL. Hoechst 33342 or 50nM LysoTracker Green
was added, and the mixture was incubated for 4 h (37 °C,
5% CO,). The transport medium was removed and washed
twice with PBS. PBS (3mL) was added, and the
adhered cells were observed by CLSM analysis. After
observation, the cells were detached with trypsin. The
number of detached cells was counted by a hemocyt-
ometer with an optical microscope. The cells were crushed
by sonication, and the fluorescence spectra with excitation
at 550 nm for the rhodamine group on R-WGCS/R-CS
were recorded.

Cellular internalization of BSA or FD4 in the
presence of WGCS

HeLa cell solution (2.2 mL; 6.0 x 10* cells/mL cells diluted
by the culture medium) was seeded on a cell culture dish
with a glass bottom (dish diameter: 35 mm, glass diameter:
14 mm) and cultured for 72h (37 °C, 5% CO,). After
incubation, the culture medium was removed, and the cells
were washed twice with HBSS. Transport medium
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containing 0.25 mg/mL. R-WGCS/R-CS and 2.5 mg/mL
FD4/F-BSA was added, and the mixture was incubated for
4h (37 °C, 5% CO,). The transport medium was removed
and washed twice with PBS. PBS (3 mL) was added, and
the adhered cells were observed by CLSM analysis. After
observation, the cells were detached with trypsin. The
number of detached cells was counted by a hemocytometer
with an optical microscope. The cells were crushed by
sonication, and fluorescence spectra with excitation at
490 nm for the fluorescein group in FD4/F-BSA were
recorded.

Biolayer interferometry analysis

AR?2 fiber sensors with carboxy groups were dipped into
10 mM HEPES buffer (pH 7.4) for 30 s, then into 1 mg/mL
EDC-NHS solution (HEPES buffer, pH 7.4) for 300 s for
activation, followed by dipping into 0.5 mg/mL WGCS or
CS solution (HEPES buffer, pH 7.4). The sensors were then
dipped into 10 mM HEPES buffer for 300s to obtain a
baseline, and the GCS- and CS-immobilized sensors were
then dipped into 100 pg/mL F-BSA or FD4 for 300s to
observe association behavior. The sensors were then dipped
into 10 mM HEPES buffer for 300 s to observe dissociation
behavior.
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Fig. 3 Transmittances of WGCS
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Results and discussion

Synthesis of WGCS

CS lactate was guanidinylated in accordance with a pre-
vious report (Fig. 1A) [24]. The production of WGCS was
confirmed by "H NMR and IR analyses (Figs. SI and S2).
The degree of guanidinylation (GCS unit (mol)/total unit
(mol) x 100) estimated from elemental analysis was 48.2%;
i.e., WGCS was composed of 48.2% GCS, 20.6% CS, and
31.2% chitin units. The M,, estimated by GPC analysis with
pullulan standards was 7.6 x 10° M, /M, =1.5), which is
higher than that of the CS lactate. This is due to removal of
the oligosaccharide fraction in the product through dialysis
with a Visking tube (molecular weight cutoff 3500)
(Fig. S3). Note that the WGCS was not in salt form because
acids such as lactic acid and HC] were removed by dialysis.

Solubility of WGCS

The solubility of WGCS was investigated. We prepared CS
as a sample for comparison with the no-guanidino group by
dialysis of the CS lactate. Both WGCS and CS were soluble
in 0.1 M acetic acid solution, similar to common CSs
(Fig. 2B). On the other hand, in water, WGCS dissolved
completely, but CS had a visible water-insoluble fraction
(Fig. 2A). Figure 2C-E show DLS diagrams of the WGCS
and CS solutions. In the case of WGCS in water, light
scattering due to invisible microscopic aggregates above
10 um was observed, indicating the presence of a water-
insoluble fraction. In addition, the presence of microscopic
aggregates was also observed in the CS solution prepared
with 0.1 M acetic acid solution. However, light scattering
above 10um was not observed in the WGCS solution
prepared with 0.1 M acetic acid solution. Figure 3A shows
the transmittances of the WGCS and CS solutions at
700 nm. In the case of CS in water, the transmittance rapidly
decreased at 9 mg/mL due to the pH change caused by CS.
This decrease in transmittance was not observed in
9mg/mL WGCS in water (Fig. 3B), indicating that the

T T T

20 25 30 35

WGCS WGCS
guanidino group in WGCS contributed to the improvement
of solubility. Although we confirmed that WGCS is soluble
in water, the transmittances of WGCS in water were lower
than those in acetic acid. WGCS solutions prepared with
water gradually became more turbid as the WGCS con-
centration increased due to the presence of microscopic
aggregates detected in the DLS analysis (Fig. 3D). In con-
trast, WGCS solutions prepared with 0.1 M acetic acid
solution were transparent even at 30 mg/mL (Fig. 3E). This
observation also indicates the presence of a water-insoluble
fraction in WGCS. Therefore, we additionally checked for
the presence of microscopic aggregates in the WGCS
solution prepared with water by passing the solution
through a syringe filter with 0.45-um pores; i.e., we defined
a removed fraction as an insoluble part. The 3 mg/mL
WGCS solution prepared with water passed through the
syringe filter. The weight of the passed WGCS was 90.7%,
indicating that 9.3% of WGCS was water insoluble. Note
that 3 mg/mL. WGCS and the low-molecular-weight CS
were not precipitated out after dissolution into acetic acid
solution and subsequent neutralization by adding NaOH
solution.

We investigated the effect of the degree of acetylation on
the water solubility of GCS because WGCS has a higher
chitin content (degree of acetylation = 31.2%) than a com-
mon CS (<20%), as described above. GCS with a lower
chitin content, composed of 56.4% GCS, 32.4% CS, and
11.2% chitin units, was prepared from a CS lactate with a
degree of acetylation of 11.2% (M, =6.2 % 10°, M /M, =
1.6, Fig. S4). Interestingly, the solubility of the GCS with a
lower chitin content was different from that of the WGCS.
The GCS with a lower chitin content was insoluble in water
but soluble in 0.1 M acetic acid solution (Fig. S5). How-
ever, 3 mg/mL GCS with a lower chitin content prepared in
0.1 M acetic acid was turbid due to scattering caused by
microscopic aggregates. Indeed, the transmittance of the
solution at 700 nm was 63.7%, which was lower than that of
WGCS. This result strongly suggests that the guanidino
group in GCS with a lower chitin content reduced its
solubility in both water and acetic acid solutions. Thus, the
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degree of acetylation is an important factor in controlling
the solubility of GCS. Similar water solubility enhancement
due to an increased degree of acetylation was observed in
water-soluble CSs with a 50% degree of acetylation, where
water solubility was enhanced by virtue of lower crystal-
linity, highly increased hydrophilicity, and electrostatic
repulsion [16, 18].

Cytotoxicity of WGCS

The cytotoxicity of WGCS to a HeLa cell line was inves-
tigated using the MTT assay. Figure 4 shows the cell
viabilities of HeLa cells after incubation in transport med-
ium containing 0.25-4.0 mg/mL CS lactate or WGCS for
24h (37 °C, 5% CO,). The cell viabilities for 0.25 mg/mL
and 0.50mg/mL CS lactate were 93.9+55% and
94.8 £4.7%, respectively. Viability gradually decreased as
the CS lactate level increased above 1.0 mg/mL. In the case
of WGCS, cell viability at 0.25 mg/mL was 92.2 +7.0%,
which was comparable to that of CS lactate. Viability gra-
dually decreased as WGCS increased. Notably, the cell
viabilities of WGCS were significantly lower than those of
CS lactate above 1.0 mg/mL. This suggested that larger
amounts of WGCS molecules were taken up into HeLa cells
than CS molecules by virtue of the guanidino groups;
however, this increased cell death. In addition, this cyto-
toxicity assay revealed that we can perform cellular inter-
nalization experiments with transport media containing
0.25 mg/mL WGCS or CS lactate.

Cellular internalization of WGCS

To evaluate the membrane permeability of WGCS
(Fig. 1B), HeLa cells were precultured with culture medium
and incubated in transport medium (pH 7.4) containing
Hoechst 33342 for fluorescence imaging of nuclei and
R-WGCS or R-CS containing thodamine B (Scheme S1 and
Fig. S6) for 4h (37 °C, 5% CO,). Figure 5SA shows CLSM

120
M CS lactate W WGCS
100 ] * * * *
£ 50 |
Z
3 60
8
>
T 40 A
(&)
20 A

0.25 0.50 1.00 2.00 3.00 4.00
Concentration (mg/mL)

Fig. 4 Cell viabilities of CS lactate and WGCS toward a HeLa cell
line. Error bars reflect the standard deviations (n =3, *p <0.05)
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images of the HeLa cells after incubation. In both cases,
regions of red fluorescence owing to R-WGCS and R-CS
were observed throughout the cytosol. The red fluorescence
regions were stronger in R-WGCS than in R-CS, suggesting
that a larger number of R-WGCS molecules were taken up
by HeLa cells. In addition, there were areas of strong red
fluorescence, suggesting the accumulation of R-WGCS
molecules in some organelles. The internalized amounts of
R-WGCS and R-CS were determined by the fluorescence
spectra of HeLa cells that were peeled off after incubation
and then crushed by sonication (Fig. 5C). The internalized
amounts were normalized to the number of cells (Fig. 5D).
The internalized amount of R-WGCS was ca. 2.5-fold
higher than that of R-CS, indicating that the guanidino
group in WGCS contributed to the enhancement of mem-
brane permeability.

Endocytosis is a major internalization route of arginine-
rich CPPs [30]. Therefore, we hypothesized that WGCS is
also internalized via endocytic pathways and consequently
accumulates in lysosomes. To test this hypothesis, we
investigated the colocalization of R-WGCS and Lyso-
Tracker Green, which is a marker for lysosomes and acidic
vesicles (Fig. 5B). After 4h of incubation, HeLa cells
showed both green fluorescence regions due to LysoTracker
Green and red fluorescence regions due to R-WGCS. In the
merged images, yellow regions reflecting the colocalization
of R-WGCS and LysoTracker Green were observed in the
cytosol and some organelles accumulating R-WGCS. This
colocalization supports the internalization of R-WGCS via
endocytic pathways and the accumulation of R-WGCS in
lysosomes [36].

Protein drug internalization in the presence of
WGCS

We expected that WGCS molecules would bind to protein
drugs via electrostatic interactions and that the complexes
would internalize, as in the case of CPPs (Fig. 1C) [28,
37, 38]. Therefore, we investigated the performance of
WGCS as an additive to enhance the cellular internalization
of bovine serum albumin—fluorescein isothiocyanate con-
jugate (F-BSA, ca. 66kDa), which is used as a model
protein drug, in the presence of WGCS into HeLa cells. In
addition, we investigated the internalization of fluorescein
isothiocyanate—dextran (FD4, average molecular weight
3000-5000), a neutral medium-molecular-weight model
drug [39]. Fig. 6A shows a CLSM image after incubation in
transport medium containing 0.25 mg/mL R-WGCS or
R-CS and 2.5 mg/mL F-BSA for 4h (37 °C, 5% CO,). In
the case of R-WGCS, stronger green fluorescence regions
due to F-BSA were observed in HelLa cells. In addition,
colocalization of R-WGCS and F-BSA was observed in the
merged image. The average F-BSA quantities determined
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R-CS or WGCS

A Hoechst

R-CS

LysoTracker R-WGCS

WGCS g R-WGCS

R-

Fig. 5 CLSM images of HeLa cells after incubation in transport
medium (pH 7.4) containing 0.25 mg/mL R-CS or R-WGCS and
10 png/mL Hoechst 33342 for 4h (37°C, 5% CO,) (A) and after
incubation in transport medium containing 0.25 mg/mL R-WGCS and

from the fluorescence spectra of peeled HeLa cells for
R-WGCS or R-CS were 19.5+3.0 and 8.3 +2.4 pg/cell,
respectively. The internalized amount of F-BSA in the
presence of WGCS was ca. 2-fold higher than that in the
presence of R-CS. In addition, we investigated the perfor-
mance of octaarginine (R8), a representative arginine-rich
CPP, as an example for comparison [37]. The internalized
amount of F-BSA in the presence of R8 was comparable to
that in the presence of R-WGCS (19.0 +4.1 pg/cell). This
result indicates that WGCS is a candidate for the develop-
ment of a protein delivery system. On the other hand,
although WGCS enhanced the internalization of FD4, the
effect was comparable to that of the positive controls (CS
and R8). We suppose that complex formation via electro-
static interactions between R-WGCS and F-BSA is an
important phenomenon for inducing enhanced cellular
internalization.

We investigated the interaction between WGCS or CS
and F-BSA or FD4 at pH 7.4 by biolayer interferometry
analysis with the BLItz system, which allowed us to
monitor the change in wavelength shift (A)A) induced by
association (Fig. 7A, B) [40]. The sensorgrams of A\ were
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(upper) and average internalized amounts (lower) (C). Error bars
reflect the standard deviations (n = 3, *p <0.05)

treated in the same way as the well-known Biacore surface
plasmon resonance system [41]. In all cases, A\ values after
immobilization of WGCS or CS molecules were approxi-
mately 1.7-1.9 nm, indicating that comparable quantities of
WGCS and CS molecules were immobilized on the sensors.
After dipping in FD4 solution, AA values did not show
significant increases, indicating that the interaction between
WGCS or CS molecules and FD4 is very weak due to a lack
of electrostatic interaction. In contrast, the AM values for
WGCS and CS increased in the case of F-BSA. The
increase in AM from the baseline after association (AAL),
correlating to the adsorbed quantity of WGCS or CS
molecules, was 0.8 nm and 0.2 nm, respectively. This result
clearly indicates that the amount of F-BSAs bound to
WGCS molecules is higher than that to CS molecules.
However, 100 pug/mL F-BSA solution was too high a con-
centration for this WGCS-BSA system because dissociation
behavior (decreasing A\) was observed after rapid adsorp-
tion behavior (initial rapid AA increases at approximately
960 sec) in the association process. Therefore, stepwise
associations to evaluate the adsorption of F-BSA onto the
WGCS layer in varying F-BSA concentrations were carried
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A R-CS or WGCS F-BSA

R-CS

R-WGCS

R-CS

R-WGCS

Fig. 6 CLSM images of HeLa cells after incubation in transport
medium containing 0.25 mg/mL R-CS or R-WGCS and 2.5 mg/mL
F-BSA (A) or FD4 (B) for 4h (37°C, 5% CO,). Representative
fluorescence spectra of F-BSA (i) and FD4 (ii) uptake by HeLa cells in

out with lower F-BSA concentrations. Figure 7C shows
sensorgrams of the stepwise associations with 1-5 pg/mL
and 20-100 pg/mL F-BSA solutions for the WGCS and CS
layers, respectively. The AAA values of each F-BSA con-
centration were subjected to the Langmuir adsorption iso-
therm as follows [42]:

Casa _ 1
AAL aqpa

C
i BSA’ 2)

qmax

where Cgsa, ®, and (. are the equilibrium concentration
of F-BSA, the Langmuir adsorption constant related to the
affinity of binding sites, and the maximum adsorption
capacity when the adsorbent is fully saturated, respec-
tively. We assumed Cggp values as the initial F-BSA
concentrations because large excess amounts of F-BSA are
present in the system. Figure 7D shows the Langmuir
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adsorption isotherms between Cgsa and AAMA in the
WGCS- or CS-BSA system. In both cases, good linear
correlations were observed. The qu.x and o values
estimated from slopes and intercepts between WGCS or
CS and F-BSA were 1.37nm and 0.0449nM ' or
0.618 nm and 0.00408 nM !, respectively. Although these
values cannot be compared with q,,,x and o values reported
in other reports estimated from changes in adsorbed
amounts, we can use them for comparison between WGCS
and CS. The affinity of the binding sites of WGCS is ca.
11-fold higher than that of CS. This is probably due to salt
bridge formation by guanidino groups in WGCS and
oxyanions in F-BSA at multiple sites [26]. In addition, the
number of binding sites of WGCS for F-BSA was ca.
2-fold higher than that of CS. This is a reasonable result
because the WGCS should have higher net positive
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Fig. 7 Biolayer interferometry sensorgrams to evaluate the adsorption
of F-BSA (A) or FD4 (B) onto the WGCS/CS layer. After immobili-
zation of GCS/CS molecules, a fiber sensor was dipped into 100 pg/mL
BSA solution (10 mM HEPES bufter, pH 7.4), followed by dipping
into 10 mM HEPES buffer for 300s at room temperature. Biolayer
interferometry sensorgram to evaluate adsorption of F-BSA onto the

charges than the CS at pH 7.4 owing to the presence of
guanidino groups. The average q..x and o values between
WGCS or CS and F-BSA were 1.36+0.10nm and
0.0813 +0.0367 nM ! or 0.625 + 0.060 nm and
0.00432 +0.00088 nM_l, respectively (n =3, p<0.05).
This result indicates that the interaction between WGCS
and F-BSA was significantly enhanced by the guanidino

group.

Conclusions

We investigated the preparation of WGCS and its membrane
permeability. WGCS composed of 48.2% GCS, 20.6% CS,
and 31.2% chitin units was prepared by the guanidinylation
of a low-molecular-weight CS lactate with AP. The water
solubility of WGCS was confirmed by DLS and transmit-
tance analyses. In addition, we reveal that the higher chitin
content in WGCS than in a common CS (<20%) is an
important factor in achieving water solubility. Although
WGCS showed higher toxicity toward HeLa cells in the

WGCS/CS layer in varying F-BSA concentrations (C); a fiber sensor
with the WGCS or CS layer was dipped into 1, 2, 3, 4, and 5 ug/mL or
20, 40, 60, 80, and 100 pg/mL F-BSA solutions (10 mM HEPES buffer,
pH 7.4), respectively, for 300s at room temperature. The Langmuir
isotherms for the WGCS-BSA (left) and CS-BSA (right) systems (D)

MTT assay than CS lactate, WGCS also showed high via-
bility (ca. 90%) at 0.25 mg/mL, comparable to that of CS
lactate. The cellular internalization behaviors of R-WGCS
and R-CS containing a fluorescent probe (rhodamine B),
were compared by CLSM analysis and the fluorescence
spectra of detached cells. Although both R-WGCS and
R-CS were internalized into HeLa cells by incubation in
transport medium (pH 7.4) containing R-WGCS and R-CS,
the amount of WGCS molecules was ca. 2.5-fold higher than
that of R-CS. In addition, colocalization of R-WGCS and
LysoTracker Green supported the internalization of
R-WGCS via endocytic pathways, and consequently, most
of them accumulated in lysosomes. In addition, R-WGCS
enhanced the internalization of F-BSA, which is used as a
model protein. The internalized amount of F-BSA in the
presence of R-WGCS was ca. 2-fold higher than that in the
presence of R-CS. We attributed the higher enhancement to
the strong electrostatic interaction between WGCS mole-
cules and F-BSA at biological pH caused by the guanidino
groups. Indeed, the affinity of the binding sites of WGCS
was more than 10-fold higher than that of CS. We expect
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novel formulation designs using WGCS and WGCS deri-
vatives, such as complex formations with liposomes, inor-
ganic materials, and/or polymers, to provide effective
protein delivery systems. WGCS and WGCS derivatives
would also provide novel DDSs for various types of drugs,
such as genes, poorly soluble drugs, and poorly absorbable
drugs. Therefore, this study is a first step toward the
development of various DDSs based on WGCS and WGCS
derivatives.
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