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A B S T R A C T

The purpose of this report was to demonstrate the effect of amphiphilic polysaccharides-based self-
assemblingmicelles on enhancing theoral absorptionof lowmolecularweight chondroitin sulfate (LMCS)
in vitro and in vivo, and identify the transepithelial transport mechanism of LMCS micelles across the
intestinal barrier. a-Linolenic acid-low molecular weight chondroitin sulfate polymers(a-LNA–LMCS)
were successfully synthesized, and characterized by FTIR, 1HNMR, TGA/DSC, TEM, laser light scattering
and zeta potential. The significant oral absorption enhancement and elimination half-life (t1/2) extension
of LNA–LMCS2 in rats were evidenced by intragastric administration in comparison with CS and LMCS.
Caco-2 transport studies demonstrated that the apparent permeability coefficient (Papp) of LNA–LMCS2
was significantly higher than that of CS and LMCS (p<0.001), and no significant effects on the overall
integrityof themonolayerwere observedduring the transport process. In addition,a-LNA–LMCSmicelles
accumulated around the cell membrane and intercellular space observed by confocal laser scanning
microscope (CLSM). Furthermore, evident alterations in the F-actin cytoskeletonwere detected by CLSM
observation following the treatment of the cell monolayers with a-LNA–LMCS micelles, which further
certified the capacity ofa-LNA–LMCSmicelles to open the intercellular tight junctions rather thandisrupt
the overall integrity of the monolayer. Therefore, LNA–LMCS2 with low cytotoxicity and high
bioavailability might be a promising substitute for CS in clinical use, such as treating osteoarthritis,
atherosclerosis, etc.

ã 2014 Elsevier B.V. All rights reserved.
1. Introduction

Chondroitin sulfate (CS) ubiquitouslydistributes on cell surfaces
and in the extracellular matrix (ECM) of mammalian animals. CS is
particularly abundant in bones, tendons, blood vessels, nerve
tissues, and cartilage (Deepa et al., 2007). CS, a sulfated
glycosaminoglycan (GAG), is composed of a repeating disaccharide
unit of glucuronic acid (GlcA) andN-acetylgalactosamine (GalNAc),
which is commonly sulfated at the C-4 and/or C-6 of GalNAc in
l and Biotechnologica Drugs,
andong, China. Tel.: +86 531

u.edu.cn (F. Wang).
mammals (Sugahara et al., 2003). CS has been discovered to have
various biological functions including anti-oxidation (Muller et al.,
2010), anti-inflammation (Cervigni et al., 2012; Gabay et al., 2011;
Reginster, 2012), anti-atherosclerosis (Delgado-Roche et al., 2013),
immunoregulation (Moller et al., 2010; Sakai et al., 2006),
regulating cell adhesion and morphogenesis (Mizuguchi et al.,
2003; Nandini and Sugahara, 2006). In addition, CS also plays
important roles in central nervous system development (Sugahara
and Mikami, 2007) and signal transduction (Sato et al., 2008). The
market for products containing CS and glucosamine is developing
in North America, Europe, South East Asia and Australia. In United
States, CS is recognized as a “dietary supplement”. And while in
Europe, CS is marketed as symptomatic slow-acting drugs for
osteoarthritis and iswidelyused for the relief of symptomsandpain
of arthritic diseases.
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The main problem affecting the efficacy CS is its poor intestinal
absorption, resulting fromitshighmolecularweight, chargedensity,
as well as hydrophilicity (Baici et al., 1992). Therefore, intestinal
absorption became one of critical factors for the successful
applicationofCSandCSderivatives in the treatmentofosteoarthritis
and atherosclerosis. Some results reported in recent years have
demonstrated that oral delivery systems, including amphiphilic
polysaccharides, liposomes, enteric coatings, and the addition of
absorption enhancers, could be possible ways to improve the oral
absorption of polysaccharides (Kim et al., 2006;Mo et al., 2011;Qian
et al., 2013; Salartash et al., 2000). Drug carriers can be employed to
target transport carrier proteins or to open tight junctions between
the epithelial cells, so as to facilitate the absorption of polysacchar-
ides. Nano-sized polymeric micelles have been successfully applied
in oral drug delivery system. The core-shell structure of such self-
assembling systems presents advantages besides the improvement
of drug absorption, such as lower cytotoxicity, higher solubility, and
good stability(Yao et al., 2011; Zhang et al., 2010). What is more,
almost all of the nano-sized polymeric micelles of polysaccharides
are documented to be chitosan, heparin, pullulan (Duhem et al.,
2012; Kim et al., 2006; Mo et al., 2011; Salartash et al., 2000).
However, few works have focused on the use of self-assembling
micelles as the drug carrier systems for oral administration of CS.
Here, we want to figure out whether low molecular weight
amphiphilic polysaccharides-based self-assemblingmicelles would
enhance the oral absorption of CS. Esterification is considered as a
method to improve the hydrophobicity for many polysaccharides.
a-Linolenic acid (a-LNA) is an essential fatty acid that cannot be
synthesized in humans body but only obtained from the diet.a-LNA
can be converted into eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA) in the body, although conversion only occurs to a
limited extent(Brenna et al., 2009; Burdge and Calder, 2006). Apart
from potential indirect effects on cardiovascular diseases via
conversion into EPA and DHA, a-LNA also has direct anti-
inflammatory (Stark et al., 2008), antiarrhythmic (Albert et al.,
2005), anti-thrombotic (Campos et al., 2008) and neuroprotective
effects (Nguemeni et al., 2010). Therefore, the modification of low
molecular weight chondroitin sulfate (LMCS) with a-LNA may
improve the hydrophobicity of LMCS, thereby leading to a positive
synergistic effect on anti-inflammation and anti-atherosclerosis.

In this work, we prepared LMCS micelles using a-LNA as the
hydrophobic chain of the micelle-forming materials. The physico-
chemical characteristics of a-LNA–LMCSs were investigated by
FTIR, 1HNMR, TGA/DSC, TEM, laser light scattering and zeta
potential. The oral bioavailability of a-LNA–LMCS micelles in vivo
was evaluated by determining the a-LNA–LMCS concentrations in
plasma levels following oral administration to rats in comparison
with CS, and Caco-2 cell monolayers representing in vitromodel of
the intestinal epithelial barrier were used to determine the
intestinal transport ability of a-LNA–LMCS micelles. All these
results indicated that thea-LNA–LMCSmicelles could enhance the
intestinal absorption of CS. Furthermore, we used confocal laser
scanning microscope (CLSM) to study the possible mechanisms,
and found that the enhancement of absorption was depending on
the paracellular pathway and endocytosis.

2. Materials and methods

2.1. Materials and animals

The average molecular weights of chondroitin sulfate (CS)
(Huamao Shuanghui Co., Ltd., Luohe, China) and Low molecular
weight chondroitin sulfate (LMCS, prepared in our lab) were
17.5 kDa and 4.1 kDa, respectively. The LMCS was obtained by
chemical depolymerization with hydrogen peroxide. Chondroitin
sulfate sodium salt from bovine cartilage, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO) and 1,9-dimethyl- methylene blue (DMMB)were obtained
from Sigma–Aldrich (St. Louis, MO, USA). a-Linolenic acid, 5-
aminofluorescein (5-AMF), 1-ethyl-(dimethylaminopropyl) carbo-
diimide (EDC), 4-Dimethylaminopyridine(DMAP), Hoechst 33342
and pyrene were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Dialysis membranes (MWCO 1000), Tris
(hydroxymethyl) aminomethane (Tris), Triton X-100 and phenol
(saturated with water) were obtained from the Shanghai Medical
Chemical Reagent Co., Ltd. (Shanghai, China). Dulbecco’s Modified
Eagle Medium (DMEM), Fetal bovine serum (FBS), 0.25% trypsine
andHanksbalance salt solution (HBSS)werepurchased fromGibco,
Invitrogen Corp (Ontario, USA). Confocal dishes, 25 cm2 plastic
culture flasks, 6-well and 96-well tissue culture plates were
obtained from Costar (Corning Incorporated, USA). Millicell 6-well
plate (12mm, 3.0mm pore size inserts) and actinase E were
purchased from Merck Millipore (Shanghai, China). Rhodamin-
phalloidin was purchased from Biotium, Inc. (Hayward, USA). 10-
dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate
(DiI) was purchased Beyotime Institute of Biotechnology (Jiangsu,
China). All the other chemicals and reagents usedwere of analytical
purity grade or higher, obtained commercially.

Clean grade Sprague–Dawley rats weighing 230�10 g were
obtained from Beijing HFK Bioscience Co., LTD (China, Document
No. SCXK2009-0004). Ratswerehousedunder 12h light/dark cycle
conditions, with food and water freely available. Temperature and
relative humidity were maintained at 25�1 �C and (55�5%),
respectively. All care and handling of animalswere performedwith
the approval of the Institutional Animal Care andUse Committee of
Shandong University. Guidelines of Institutional Animal Ethics
Committee were followed for in vivo experiments.

2.2. Synthesis of a-linolenic acid-low molecular weight chondroitin
sulfate polymers

a-LNA–LMCS was synthesized by the method as follows:
1mmol of LMCS and 0.1 g of DMAP were dissolved in 10mL of
formamide by vigorous stirring at 55 �C. To this solution, 0.1, 0.5, 1,
or 2mmol of a-linoleoyl chloride were added to change the
esterification degree. The mixture was stirred at 55 �C for 1h. The
product was dialyzed using dialysis membrane (MWCO 1000) in
deionized water for two days to remove excess reagents and
formamide, and further dialyzed against 95% ethanol for two days
to remove unconjugated a-linolenic acid. A yellowish precipitate
was thus obtained and purified by precipitation with 50mL of 95%
ethanol. The solid material was vacuum-dried for 24h, and a
yellowish powder was obtained. The resulting products were
designated as LNA–LMCS1, LNA–LMCS2, LNA–LMCS3 and
LNA–LMCS4, respectively. The synthetic procedure of a-LNALMCS
polymers was shown in Fig. 1.

2.3. Preparation of a-LNA–LMCS micelles

a-LNA–LMCS micelles were prepared via dialysis (Yang et al.,
2009) a-LNA–LMCS(5mg) was dissolved in 3mL of formamide. To
form the nanomicelles, the prepared solution was dialyzed using
MWCO 1000 membrane in deionised water. After two days, the
dialysates were collected and diluted to 10mL with water (final
concentration 0.5mg/mL). The solution of a-LNA–LMCS micelles
was storedat 4 �C. The total preparationprocesswas shown inFig. 2.

2.4. Physicochemical characterization of CS and its derivatives

2.4.1. Recording of Fourier transform infrared spectra
Fourier transform infrared (FTIR) spectra were recorded with a

NEXUS 470 spectrometer (Nicolet, USA) by KBr method.
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Fig. 1. Reaction scheme for the synthesis of a-LNA–LMCS.
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2.4.2. 1HNMR measurement
1HNMRspectrawere recordedwith aAVANCE600 spectrometer

at 600MHz, using tetramethylsilane (TMS) as an internal standard.
The degree of substitution for the derivatives of CS were evaluated
by 1HNMR.

2.4.3. Thermal analysis
The thermal gravimetry analysis and differential scanning

calorimetry (TGA/DSC) measurement were carried out from 30
to 400 �C using a TGA/DSC1-1600HT instrument under air flux, at a
heating rate of 10 �C/min. Samples were weighed on a platinum
crucible with a microprocessor-driven temperature-control unit
and a data station.

2.4.4. Dynamic light scattering and zeta potential measurements
Size and the size distribution of the prepared micelles were

measuredby thedynamic laser light scatteringgonimeter (BI-9000,
Brookhaven, USA). The polydispersity index ranged from0 to 1. The
zeta potential of micelles was determined by photon correlation
spectroscopy (PCS) with a Zetasizer 3000 (Malvern Instruments,
Malvern, UK). The concentration of micelles was kept constant at
1.0mg/mL. The averageparticle sizewas expressedas volumemean
diameter and the reported value was represented as mean� SD
(n =3).
[(Fig._2)TD$FIG]

Fig. 2. The schematic representation of the formatio
2.4.5. Morphology observation of a-LNA–LMCS micelles
The morphology and size of a-LNA–LMCS micelles were

observed using a transmission electron microscope (TEM). A drop
of sample solution (1mg/mL) was placed onto a 300-mesh copper
grid coated with carbon. After 1min, the grid was tapped with a
filter paper to remove surface water, followed by air drying and
negatively stained with 2% phosphotungstic acid for 30 s. The grid
was dried at room temperature and observations were performed
at 80kV.

2.4.6. Critical aggregation concentration of self-aggregated micelles
The critical aggregation concentration (CAC) of the a-LNALMCS

micelles were estimated by the probe fluorescence technique (Mi
et al., 2011), using pyrene as the fluorescence probe. A pyrene stock
solution (6.0�10�3mol/L) was prepared in acetone and stored at
4 �C. For the measurement of steady-state fluorescence spectra, a
certain amount of pyrene solutions (3�10�4mol/L) in acetone
were added to a series of vials, followed by evaporation to remove
the acetone. Then, the acetone-free pyrene was mixed with
solutions ofa-LNA–LMCSs, and the concentrations ofwhich ranged
from 1�10�4 to 0.5mg/mL. The final pyrene concentration in each
sample solution was 6.0�10�7mol/L. The excitation and emission
slit widths were set to 5 and 2.5 nm, respectively. The emission
spectra of pyrene were recorded from 350 to 500nm using a
n of the self-assembled a-LNA–LMCS micelles.
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fluorescence spectrophotometer (F-2500, Hitachi, Japan). The
fluorescence intensity ratio of I372/I383 was analyzed as a function
of micelle concentration.

2.5. Quantitative analysis of absorbed CS in rat plasma

Hundred mL of plasma was added to 100mL of 50mmol/L
Tris–HCl buffer (pH 8.0) containing 2% actinase E and the mixture
was incubated at 50 �C for 20h. Then, the mixture was extracted
twicewith200mL of phenol:chloroform:isoamyl alcohol (25:24:1),
followedby two times extractionwith 200mL of chloroform. TheCS
in raffinate phase was then obtained by vacuum freeze drying. The
dried CSwas dissolved in 100mL ofwater and the CS level inplasma
was quantified by the DMMB assay (Sim et al., 2005).

2.6. In vivo absorption efficacy assessment

Normalmale Sprague-Dawley ratswere randomlydivided into6
groups (6 each) and fasted overnight but allowed access towater ad
libitum prior to the experiment. Then six groups of rats were
administered intragastricallywith CS and its derivatives solution in
PBS (pH 7.4), respectively. And the volume of CS and its derivatives
given was determined by ensuring a dose of 200mg/kg. After the
oral administration, blood samples (500mL) were taken from the
capillary in the retro-orbital venous plexus at predetermined time
intervals (0, 0.25, 0.5, 1, 2, 4, 8,12 and 24h) and immediatelymixed
with EDTA anticoagulant. Plasmawas prepared bycentrifugation at
900� g for 5min at 4 �C and stored at �80 �C until analysis.

2.7. Cell culture

The human colon adenocarcinoma cells (Caco-2) were obtained
from the Institute of Nautical Medicine, Nantong University
(Nantong China). The Caco-2 cells were routinely maintained in
DMEM with 4.5 g/L of D-glucose, supplemented with 10% of heat
inactivated FBS, 1% of nonessential amino acids, 100U/mL of
penicillin,100mg/mL of streptomycin and 2mmol/L of L-glutamine.
The cells were cultured in a humidified atmosphere containing 5%
CO2 at 37 �C. The cells were subcultivated every 5 days at 80–90%
confluence using trypsin–EDTA at a split ratio of 1:2. The Caco-2
cells used for experiments were between passage 35 and 55.

2.8. Measurement of the transepithelial electrical resistance

Measurement of transepithelial electrical resistance(TEER) was
performed to evaluate possible damage of the cellular monolayer
during theexperiments. TheTEERofmonolayerswas checkedusing
a Millicell1 ERS meter (Millipore, Bedford, MA, USA). Prior to the
experiment, the cells were washed twice with phosphate buffered
saline (PBS) and pre-equilibrated for 1h with HBSS at pH 7.4. After
removing the medium, the Caco-2 cell monolayers were treated
with CS and its derivative solutions (4, 20, 100 and 500mg/mL in
HBSS) in the apical compartment. The TEER was measured every
20min.After2hof treatment, the cellswere carefullywashed twice
with PBS and incubatedwith fresh culturemedium. The recoveryof
TEER values was monitored for 24h after the treatment.

2.9. Transport studies across Caco-2 cell monolayers

The feasibility ofa-LNA–LMCSmicelles for use as an oral dosage
form was evaluated by determining the permeability of
a-LNA–LMCS across Caco-2 cell monolayers at pH 7.4 (Qian
et al., 2013). The Caco-2 cells were seeded on the permeable
polycarbonate inserts in Millicell (6-well) plates at a density of
approximately 5�104 cells /cm2. The culture medium (2mL per
insert and 3mL per well) was replaced every two days for the first
week and everyday thereafter. After 19–21days in culture, the TEER
of monolayers was checked using a Millicell1-ER system. Caco-2
monolayers could only be used in the experiments when TEER
values reached 300–600V/cm2and phenol red permeability was
less than 0.5% per hour. Prior to the experiment, the cells were
washed twice with PBS and pre-equilibrated for 30minwith HBSS
at 37 �C. After removing the HBSS, 2mL of CS and its derivatives
solution (0.1mg/mL) was added on the apical side (AP) of the
monolayers while the basolateral side (BL) compartmentwas filled
with4mLHBSS. Samples (400mL)were takenat 30, 60, 90,120,180,
210 and 240min from the basolateral side and replaced with equal
volumes of fresh HBSS. The amount of CS and its derivatives was
quantified by the DMMB assay (Sim et al., 2005). All experiments
were repeated three times at 37 �C. The apparent permeability
coefficient was calculated with the following Eq. (1):

Papp ¼ dQ
dt

� �
� 1

AC0

� �

where Papp is the apparent permeability coefficient (cm/s), dQ/dt
(mg/s) is the rate of appearance of CS and its derivatives on the
basolateral side, A is the surface area of the Caco-2 cell monolayers,
and C0 (mg/mL) is the initial drug concentration.

Absorption enhancement ratios (R) were calculated from Papp
values by using Eq. (2) (Kotze et al., 1998):

R ¼ PappðsampleÞ
PappðcontrolÞ
In this study, efflux ratio was used to evaluate the function of P-

gp. This ratio was calculated with the following Eq. (3):

Efflux ratio ¼ PappðAP�BLÞ
PappðBL�APÞ

where Papp(AP–BL) is the intestinal apparent permeability coefficient
from the apical side to the basolateral side and Papp(BL–AP) is the
intestinal apparent permeability coefficient from the basolateral
side to the apical side.

2.10. Cytotoxicity studies in Caco-2 cells and HT29 cells

To investigate the biocompatibility of both CS anda-LNA–LMCS
micelles, the MTT assay was used to evaluate their cytotoxicities
against Caco-2 cells andHT29 cells (Mosmann,1983). Briefly, Caco-
2 cells and HT29 cells in their logarithmic growth phase were
seeded in 96-well plates at a seeding density of 8000 cells/well
in100mLmedium, respectively.After the cells adhered totheplates,
the culture medium in each well was replaced with 150mL of the
test samples (a-LNA–LMCS solutions with final concentration
ranging from 20 to 500mg/mL in complete DMEM medium). Cells
were incubated for different times (48, 72h) and then the viability
of the cells was determined using MTT assay. The absorbance of
each well was measured at 570nm with a microplate reader (Bio-
Rad 680, USA). The relative cell viability was calculated with the
following Eq. (4):

Relative cell viability ð%Þ ¼ A570 Sample � A570 Blank

A570 Control � A570 Blank
� 100

2.11. Preparation and purification of 5-aminofluorescein-labeled
chondroitin sulfate and its derivatives

Covalent binding of 5-aminofluorescein (5-AMF) to CS and its
derivativeswas performed according to themethods described in a
previous report (Mohan et al., 2012). The CS and its derivatives
(20mg) and EDC (15mg) were dissolved in 2mLwater (pH5.0) and
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Fig. 3. FTIR spectra of CS and its derivatives.
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stirred for 40min, then 2mL of 5-AMF solution in 50% ethanol
containing 2mg of 5-AMF was added to CS or its derivertive
solutions. This mixture was incubated at room temperature for
overnight in darkness. After that, the product was dialyzed in
deionized water using MWCO 1000 membrane for two days and
further dialyzed against 50% ethanol for two days to remove excess
reagents and unconjugated 5-AMF. The labeled CS and its
derivatives were then separated from the dialyzed solution by
gel filtration on a 1.4 cm�60 cm column of SephadexG-10 in
deionized water. After dialysis and chromatographic separation, 5-
AMF-labeled CS and its derivativeswere obtained by freeze-drying.
Thin-layer chromatography on silica-gel, used for identification of
5-AMF-labeled CS and its derivatives, was performed using 33%
isopropanol (isopropanol:H2O=3:1) as developing agent. All steps
were carried out in darkness.

2.12. Confocal microscopy study

Caco-2 cells were seeded in confocal dishs at a density of
1�105 cells/3.5-cm dish and cultured for 4 days at 37 �C in 5% CO2.
After the mediumwas removed, the cells were washed twice with
HBSS. 0.5mL of pre-warmed fresh HBSS was added and the cells
were then cultured at 37 �C for 30min. After the medium was
removed, 0.3mL of CS and LNA–LMCSs solutions with concentra-
tion of 100mg/mLwas added to each dish. After 2 h incubation, the
mediumwas removed, and the cells were washed three times with
cold PBS and fixed with freshly prepared 4% paraformaldehyde in
PBS at room temperature for 10min. Thereafter, cells were
permeabilized in 0.1% Triton X-100/PBS, followed by twice wash
with cold PBS. After three times wash with cold PBS, the cells were
incubated with Hoechst 33342 for 20min at room temperature to
stain cell nuclei, followed by F-actin staining with Rhodamin-
phalloidin for 40min or by cell membrane staining with DiI for
10min. The cells were washed three times with cold PBS and then
preserved in blocking solution (glycerol:PBS, 1:1, v/v) for confocal
laser scanning microscope (CLSM) observation.

2.13. Pharmacokinetics and statistical analysis

The pharmacokinetic parameters were calculated by the
statistical moment method using the DAS 2.0 software. The data
obtained from pharmacokinetic parameters were analyzed sta-
tistically by one-way analysis of variance and t-test using SPSS
version 11.0 software. Results were reported as mean� SD (SD:
standard deviation). Values of p<0.05, p<0.01 and p<0.001were
considered to be significant, highly significant and extremely
significant, respectively.

3. Results and discussion

3.1. Synthesis and characterization of a-LNA–LMCS

a-LNA–LMCSs were successfully obtained by esterification and
they were characterized by FTIR, 1HNMR. LMCS has three free
hydroxyl groups on each repeating disaccharide unit. Hydrophobic
CS derivatives can be easily synthesized by replacing the hydroxyl
groups with hydrophobic groups. In the presence of 4-dimethy-
lamiopryidine, LMCS was modified by replacing the hydroxyl
groups of the GlcA and GalNAc unit witha-linolenic acid groups to
produce hydrophobically modified LMCSs. FTIR spectra of
a-LNA–LMCSs proved that all samples had successfully undergone
the esterification of the hydroxyl groups in the repeating
disaccharide of glucuronic acid (GlcA) and N-acetylgalactosamine
(GalNAc) (Fig. 3), as indicated by CQO stretching at 1738 cm�1,
��OH stretching at 3300 cm�1, and CQC bonds at 2930 cm�1. The
absorption peak at 3300 cm�1 related to stretching vibration of
hydroxyl group became weak owing to the modification with
esterification, and the characteristic peak of ester group at 1752 cm
�1 increased with increasing feed ratio of a-linoleoyl chloride.
Therefore, it is demonstrated that LMCS was modified successfully
by a-LNA.

The successful preparation ofa-LNA–LMCSswas also confirmed
by1HNMR(Fig. 4). Fig. 4Apresented the typical 1HNMRspectrumof
a-linolenic acid in CDCl3. The signals from the chemical shifts of d
0.85–2.81ppm were assigned to the methylene protons, and
methine protons ina-LNA chain, and so did the peak at d 5.34ppm.
Theprotonsignalsof chondroitin sulfatewereobserved in the range
of d 3.12–4.75ppm belonging to the methine or methylene of
disaccharide units, and the peak at d 1.97ppm belonging to the N-
acetyl group of GalNAc, as shown in Fig. 4B. After partial
esterification, the peak in the range of d 3.12–4.75ppm which is
the characteristic signals for methine and methylene protons of
LMCS was still remained,meanwhile, the new peak at d
0.85–2.11ppm was thought to be the methine and methylene
protons of a-LNA chain (Fig. 4C–F). The sharp peak at d 1.97ppm
was attributed to the acetamide groups of LMCS and the methyl
group of a-LNA. The methylene and methine proton signals of the
a-LNA at d 5.34ppm were extremely broad and weak in the
a-LNA–LMCS polymers, it may be due to the content of a-LNAwas
low and the mobility of thea-LNA inwater was poor. These results
indicated that esterification was certainly preceded.

The degree of substitution (DS) was estimated by 1HNMR and
the values were listed in Table 1. The DS values of these polymers
were calculated from the integration value of protons of LMCS
moiety at d 3.12–4.75ppm and that of protons of a-LNA moiety
observed at d 0.85–2.11nm. These values meant the average
number of hydroxyl groups on the disaccharides of LMCS that had
reactedwitha-LNA. TheDS of these copolymers ranged from0.034
to 0.123. These results indicated that the a-LNAwas introduced as
the side chains of LMCS, and therefore, they could be regarded as
branched LMCS.

To investigate the thermal decomposition of the a-LNA–LMCS
in the solid state, TGA and DSC experiments were performed in
the presence of a nitrogen gas flow and the results were shown in
Fig. 5. The initial weight losses of CS and its derivatives were
about 5–11% at the temperature from 30 to 150 �C. The
degradation of CS and its derivatives started at 200 �C, and from
then on, the heweight losses were about 50%. The DSC
thermogram of LMCS exhibited one endothermic and one
exothermic transition at 90.4 �Cand 221.7 �C in Fig. 5B, respec-
tively. The DSC thermogram of a-LNA revealed one endotherm at
292.0 �C in Fig. 5C. However, cross linked a-LNA–LMCSs
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Fig. 4. The 1H NMR spectra of a-LNA, CS and its derivatives. (A) a-LNA, (B) LMCS, (C) LNA–LMCS1, (D) LNA–LMCS2, (E) LNA–LMCS3 and (F) LNA–LMCS4.

Table 1
Properties of a-LNA–LMCS micelles (n =3).

Formulation d (nm) z (mV) DS (%) CAC (mg/mL)

LNA–LMCS1 78.7�4.8 �35.9�0.3 0.034 0.0205
LNA–LMCS2 91.9�4.7 �33.7�1.8 0.057 0.0168
LNA–LMCS3 103.2�7.1 �34.4�0.5 0.085 0.0164
LNA–LMCS4 117.7�5.1 �25.4�1.0 0.123 0.0164

d:Meanparticle diametermeasuredby the dynamic laser light scattering technique.
z: The Zeta potential of a-LNA–LMCS micelles in deionised water (1mg/mL).
DS: Degree of substitutionexpressed as mole a-LNA and LMCS.
CAC: Critical aggregation concentration determined by fluorescence spectroscopy.
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exhibited two endotherm transitions at about 70.0 �C and
265.0 �C and a large exothermic transition at about 205.0 �C
(Fig. 5E–H). As no significant mass loss was found at the
temperature from 30.0 to 150.0 �C by TGA (5–11%), the first broad
endothermic transition changed at 70 �C may be associated with
some adsorbed water (or ethanol) removal or some phase change
in the polysaccharide (Piai et al., 2009). The second endothermic
transition of a-LNA–LMCSs occurring in the range of 250.0 to
300.0 �C may be related to the removal of a-LNA from
a-LNA–LMCS, and it was different in the DH value among
a-LNA–LMCSs containing different ratios of a-LNA/LMCS. The
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Fig. 5. TGA–DSC curves of CS and its derivatives. (A) CS, (B) LMCS, (C) a-LNA, (D) a-LNA and LMCS mixture, (E) LNA–LMCS1, (F) LNA–LMCS2, (G) LNA–LMCS3 and (H)
LNA–LMCS4.
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exothermic transition of CS and LNA–LMCSs occurring at 200.0 to
250.0 �C was accompanied with about 20% mass loss as shown in
the respective TGA curves, which was due to the decomposition
of glucuronic acid and N-acetylgalactosamine units (Guinesi and
Cavalheiro, 2006). An endothermic transition at 200.0–250.0 �C
was showen in the DSC curves of a-LNA–LMCSs, which was not
present in that of LMCS. Comparison of endothermic and
exothermic transition of LMCS and a-LNA–LMCS, it can be
concluded that some polymorphic changes have occurred after
modification of LMCS with a-LNA.
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3.2. Characterization of a-LNA–LMCS micelles

The size and size distribution of a-LNA–LMCS micelles were
characterized by laser light scattering and a-LNA–LMCS micelles
exhibited a mean particle diameter of about 78–117 nm for the
different conjugates (Table 1). As shown in Fig. 6, the size
distributions of micelles were unimodal and the polydispersity
indices were very low (<0.1), implying a narrow size distribution
for all the conjugates. The laser light scattering results showed that
three batches of micelles had no substantial difference, which
demonstrated that the preparation process was reproducible and
stable. TEMwas used to visualize directly the size andmorphology
ofa-LNA–LMCSmicelles (Fig. 7). Smooth spheremorphology and a
uniform size distribution of a-LNA–LMCS micelles were observed.
The diameter of micelles observed by TEM appeared to be not
consistent with the results determined by laser light scattering
measurement, which was probably caused by the different
mechanisms of the two methods. Since laser light scattering
method involves the measurement of size in the aqueous state,
micelles were highly hydrated and the size detected by laser light
scattering was hydrated diameter, which was usually larger than
their real dimensions. Whereas, the size observed by TEM was
obtained at the dried state of the sample. This indicated that the
diameter observed by TEM method was consistently smaller than
the real dimensions.

Zeta potential is an important parameter to predict the physical
storage stability of micellar systems. A higher absolute value of the
zeta potential may provide a repelling force between the micelles,
indicating the better stability of this colloidal system (Teerana-
chaideekul et al., 2007). In general, the absolute zeta potential
values greater than 30mV signify long-term stability of aqueous
[(Fig._6)TD$FIG]

Fig. 6. Histograms of the size and size distribution of a-LNA–LMCS micelles
dispersion. As shown in Table 1, the LNA–LMCS1, LNA–LMCS2 and
LNA–LMCS3 micelles had relatively high negative zeta potentials
greater than�30mV. The negative zeta potential indicated that the
micelle surface was negatively charged. This high negative charge
was attributed to the presence of ionized carboxyl groups and
sulfonic acid groups of a-LNA–LMCS on the micelle surface,
resulting in improved micelles stability as the result of internal
charge-charge repulsion. In our study, the a-LNA–LMCS micelles
were stable when sealed and stored at 4 �C for one month.

The CACs of a-LNA–LMCSs were determined by fluorescence
technology in the presence of pyrene as a fluorescence probe (Mi
et al., 2011). When micelles formed, pyrene molecules preferably
located inside or close to the hydrophobic domains of micelles
rather than the aqueous phase, resulting in different photo-
physical characteristics. The CACs of a-LNA–LMCSs can be
obtained by plotting the I372/I383 ratio of each curve in the
excitation spectra versus log concentration of the polymer. The
maximum change in the slope represents the formation of
a-LNA–LMCS micelles (Fig. 8). Using this method, the CACs of
a-LNA–LMCSs were determined (Table 1). The CAC values of
a-LNA–LMCSs (about 0.016mg/mL) were lower than those of low
molecular weight surfactants and amphiphilic peptides, e.g.,
1.0mg/mL for deoxycholic acid (Kratohvil et al., 1986), 2.3mg/
mL for sodium dodecyl sulfate inwater (Rahman and Brown,1983)
and 1.35mg/mL for amphiphilic peptides with arginines and
valines (Ryu et al., 2011), indicating that a-LNA–LMCSs were a
novel kind of amphiphilic polymers and could form the stable self-
assembling micelles in water at low concentration. The relatively
low CAC may render the stability of the micelles upon dilution in
vivo and in vitro, which is important for the oral bioavailability of
a-LNA–LMCS.
(A) LNA–LMCS1; (B) LNA–LMCS2; (C) LNA–LMCS3 and (D) LNA–LMCS4.
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Fig. 7. TEM images of self-aggregates of a-LNA–LMCSmicelles (A) LNA–LMCS1, (B) LNA–LMCS2, (C) LNA–LMCS3 and (D) LNA–LMCS4 (0.5mg/mL). The bars indicate 100nm.

[(Fig._9)TD$FIG]

Fig. 9. The plasma CS concentration-time profile after admin

[(Fig._8)TD$FIG]

Fig. 8. Plot of the fluorescence intensity ratio of I372/I383 from excitation spectra as a
function of a-LNA–LMCS1 concentration.
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3.3. In vivo absorption efficacy assessment

The absorptions of CS and its derivatives were evaluated in
vivo and the oral bioavailability of CS has been significantly
improved. The absorptions of CS and its derivatives were
evaluated by intragastric administration to rats at a single dose
of 200mg/kg. Normal CS and LMCS were also intragastric
administered as controls. The plasma CS concentration-time
profiles after administration to rats were shown in Fig. 9 and the
pharmacokinetics parameters were summarized in Table 2. The
peak concentration of CS and LMCS in plasma were 3.8�0.5mg/
L and 6.8�0.8mg/L, respectively. The maximum concentration
(Cmax) of LNA–LMCS2 at 8.8�2.3 h was 10.8�0.5mg/L, which
was obviously higher than that of CS and LMCS. In this study, the
terminal elimination half-life (t1/2) of CS and LMCS were about
11.0�2.4 h and 5.9�2.9 h, respectively. In contrast, LNA–LMCS2
showed a much longer circulation time and its elimination t1/2
was 18.8�3.1 h, 3.2 times longer than that of LMCS, which may
be due to its low z potential and moderate size (Li and Huang,
2008). The total body clearance (CL) of LNA–LMCS2 was
istration in rats at a single equivalent dose of 200mg/kg.



Table 2
Pharmacokinetic parameters of CS and its derivatives in rats at the equivalent 200mg/kg dose (n =6).

Parameters CS LMCS LNA–LMCS1 LNA–LMCS2 LNA–LMCS3 LNA–LMCS4

AUC0–24

(mg/(L h))
40.0�4.4 55.2�4.4 89.9�8.9*4 172.4�20.9**44 102.7�12.6**4 80.1�16.9*

AUC0–1
(mg/(L h))

63.4�13.2 67.1�12.3 126.8�18.8*4 464.7�54.8**44 158.6�28.34 163.0�34.6*4

MRT0–24 (h) 12.4�2.0 10.0�1.7 10.5�1.4 12.0�0.6 11.0�0.9 11.8�1.3
MRT0–1(h) 27.0�8.2 15.7�3.3 21.3�5.9 21.0�6.0 26.0�7.2 22.6�6.3
t1/2 (h) 11.0�2.4 5.9�2.9* 11.2�2.64 18.8�3.144 15.3�3.54 11.5�2.44
Tmax (h) 3.2�0.5 4.0�1.4 5.2�3.2 8.8�2.3*4 4.5�1.7 4.5�1.9
CLz/F (L/(h kg)) 3.3�0.7 3.1�0.6 1.7�0.5**4 0.6�0.4**44 1.4�0.7*4 1.5�0.7*4
Vz/F (L/kg) 53.0�7.2 25.1�3.9* 23.6�3.1* 11.2�2.4* 26.3�4.2* 27.0�5.8
Cmax (mg/L) 3.8�0.5 6.8�0.8* 7.2�1.5** 10.8�0.5**44 9.4�1.2**4 6.7�0.7*

AUC0–24: area-under-the-curve from time 0 to 24h; AUC0–1: area-under-the-curve from time 0 to infinity;MRT0–24:mean residence time from time 0 to 24h;MRT0–1: mean
residence time from time 0 to infinity; t1/2: half-life time; Tmax: the time atmaximumplasma concentration;Vz/F: volume of distributionduring the terminal phase; CLz/F: total
body clearance; Cmax: the maximum plasma concentration.*p<0.05 vs CS; **p<0.001 vs CS; 4p<0.05 vs LMCS 44p<0.05 vs LMCS.
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0.6�0.4 L/(h kg), which is 5.6 times and 5.3 times smaller than
that of CS and LMCS, respectively. Moreover, the mean residence
time (MRT) of LNA–LMCS2 in the plasma was 12.0�0.6h, 1.2
times longer than that of LMCS. Altogether, LNA–LMCS2 had
longer t1/2 and MRT, lower CL than LMCS in rats. At the same
time, the AUC0–24 of LNA–LMCS2 after intragastric administra-
tion was 172.4�20.9mg/(L h), extremely higher than that of CS,
40.0�4.4mg/(L h) and LMCS, 55.2�4.4mg/(L h), respectively,
(p<0.001). The result indicating that the oral bioavailability of
CS was significantly improved after esterification. According to
the previous report (Lee et al., 2001), it is believed that the self-
assembling micelles of amphiphilic polysaccharide can improve
the oral bioavailability of polysaccharides.

The oral bioavailability of a-LNA–LMCSs was affected by two
main factors: the molecular weight and the hydrophobicity. The
hydrophobicity of a-LNA–LMCSs is determined by the coupling
ratio of a-LNA to LMCS. Both the low molecular weight and the
perfect coupling ratio are important to increase its permeability
passing through the mucous cell layer in the intestinal tract. In the
pharmacokinetic results of CS and its derivatives, the Cmax of LMCS
was obviously higher than that of CS, which means that the low
molecular weight is beneficial to the oral bioavailability of CS.
Among the a-LNA–LMCSs, LNA–LMCS2 showed the highest oral
bioavailability. This result indicated that too high coupling ratio of
a-LNA to LMCS may affect the solubility of a-LNA–LMCS and the
formation of micelles, which then lead to the reduction of oral
bioavailability.

3.4. Cytotoxicity studies in Caco-2 and HT29 cells

Before the transport studies, the cellular toxicities of the CS
and its derivatives were evaluated for two objectives: (1) to
obtain a preliminary estimation of the safety of CS and its
derivatives, and (2) to determine the concentrations that could
interfere with the cellular metabolism for further studies in Caco-
2 and HT29 cells.

The effect of CS and its derivatives on the cellular viability of
Caco-2 andHT29 cells were summarized in Fig.10. The cytotoxicity
of all the samples showed concentration-dependent manors. Cells
treated by CS, LMCS, LNA–LMCS1 and LNA–LMCS2 showed high
viabilities, even at the high concentration of 500 /mL. On the other
hand, LNA–LMCS3 and LNA–LMCS4 exhibited a little toxicity to
Caco-2 cells at high concentrations. At the concentration of 100mg/
mL, the cell viability of all the conjugates was up to 80%. Therefore,
100mg/mL was selected as the threshold concentration for further
Caco-2 experiments to ensure safety. These results suggested that
themodified LMCS had no significant cytotoxicitic effect on Caco-2
and HT29 cells.
3.5. Effect of CS and its derivatives on TEER of Caco-2 cell monolayers

It was reported that measurements of TEER of Caco-2 cell
monolyers could predict the paracellular permeability of drugs
(Van der Merwe et al., 2004). As the tight junctions open, the TEER
ofCaco-2cellmonolayerswouldbesignificantly reduced,due to ion
passages through the paracellular route. The effect of CS and its
derivatives of various degrees of substitution and the polysaccha-
ride concentrations on TEER of Caco-2 cell monolayers were
summarized in Fig.11. As shown in Fig.11, the TEER values of Caco-2
cell monolayers incubated with LNA–LMCS2, LNA–LMCS3 and
LNA–LMCS4 showed significant differences compared to that of the
control groups incubated with CS and LMCS. This indicated that
LNA–LMCS2, LNA–LMCS3andLNA–LMCS4have someeffects on the
opening of intercellular tight junctions(Lin et al., 2007). CS and its
derivatives could decrease the TEER values in a concentration-
dependent manner. The magnitude of increase in permeability
(decrease in TEER) was consistent with the previous reports on the
effect of drugs on TEER of Caco-2 cell layers(Yeh et al., 2011). After
the CS and its derivatives were removed, the cells were repeatedly
washed and subsequently supplied with fresh medium, and an
increase in resistance towards the initial valueswas found in all the
groups at 24h (Fig. 12). The TEER recovery was obvious and nearly
reversible within 24h after the cells were treated with CS and its
derivatives at lowconcentrations of 4–100mg/mL for 2h. However,
the TEER recovery was partially reversible at concentration of
500mg/mL. For the subsequent transport study, the concentration
of 100mg/mLwas chosen because it was themost effective dose for
TEER recovery. These observations indicated that the LNA–LMCS2,
LNA–LMCS3 and LNA–LMCS4 could transiently open the tight
junctions between Caco-2 cells, indicating that the mechanism of
a-LNA–LMCSs transport was paracellular transport via tight
junctions. Nevertheless, this result was inconsistent with the
previous literature, inwhich Lin et al. had found that particles with
negative charges could not disrupt tight junctions while particles
with positive charges had the ability to open tight junctions (Lin
et al., 2007).

3.6. Evaluation of CS and its derivatives transporting across Caco-2 cell
monolayers

In recent years, the Caco-2 cell line has become a popularmodel
of the intestinal mucosa because these cells have a colonic origin
and express transporters that are normally found in the intestinal
mucosa(Yee, 1997). To further evaluate the direct ability of
esterification of LMCS in increasing the permeability of hydrophilic
macromolecules, we studied the effect of DS of a-LNA on the
transportation of hydrophilic macromolecules across Caco-2 cell
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Fig.10. Cytotoxicity of CS and its derivatives against caco-2 cells andHT29 cells after treatment for 48h and 72h: (A) HT29 cells, 48 h. (B) HT29 cells, 72 h. (C) caco-2 cells, 48h.
and (D) caco-2 cells, 72h.

[(Fig._11)TD$FIG]

Fig.11. The effect of CS and its derivatives on the TEERof Caco-2 cellmonolayers: (A) LMCS, (B)a-LNA and LMCSmixture, (C) LNA–LMCS1, (D) LNA–LMCS2, (E) LNA–LMCS3 and
(F) LNA–LMCS4 concentrations ranging from 4 to 500mg/mL. (n =3)
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Fig.12. The TEER recoverypatternof the Caco-2 cellmonolayers: (A)LMCS, (B)a-LNAand LMCSmixture, (C) LNA–LMCS1, (D) LNA–LMCS2, (E) LNA–LMCS3 and (F) LNA–LMCS4
concentrations ranging from 4 to 500mg/mL. (n =3)
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monolayers. The Papp were determined from apical to basolateral
compartment through Caco-2 cell monolayers following the
treatment with free CS and its derivatives, and the concentration
for all test samples was 100mg/mL. The results were depicted in
Table 3. Excitingly, the efflux ratios of a-LNA–LMCSs were
remarkably lower than that of CS or LMCS (p<0.05), which
indicated that a-LNA–LMCS micelles had inhibitory effect on P-
glycoprotein (P-gp). The enhancing transport of a-LNA–LMCS
micelles might be attributed to the transcytosis mechanism,
entering the Caco-2 cells at the apical surface of the monolayer
via endocytosis and afterward leaving the cells by exocytosis at the
basolateral surface(Sang Yoo and Gwan Park, 2004), which was in
agreement with earlier reports of mPEG–PLA micelles encapsulat-
ing lower bioavailability drug, Salmon calcitonin(Li et al., 2012). In
addition, it was observed that the Papp(BL–AP) of LNA–LMCSs had no
significant difference compared with that of free CS or LMCS. The
Papp(AP–BL) of LNA–LMCS2was 2.2 times of that of free CS, indicating
that the improvement of permeability of CS may be not only
dependent on the transcellular transport through the cell
membrane, but also paracellular transport from the tight junction
to the lateral space. Based on these results and the in vivo efficacy
study, it was deduced that the modification of LMCS with a-LNA
improved its intestinal absorption through the enhancement of the
transcellular and paracellular transport across intestinal cells.
Table 3
The transport of CS and its derivative across Caco-2 cell monolayers (n =3).

Samples Papp (10�6 cm/s) Efflux ratio R

AP–BL BL–AP

CS (control) 3.7�0.4 8.4�1.0 2.3�0.5 –

LMCS 4.8�0.8 10.8�1.7 2.3�0.0 1.3
LNA–LMCS1 5.4�0.8* 8.2�1.0 1.6�0.1*4 1.5
LNA–LMCS2 8.0�0.8**4 10.6�0.8 1.3�0.1**44 2.2
LNA–LMCS3 5.0�0.4 7.9�0.6 1.6�0.1*4 1.4
LNA–LMCS4 4.9�0.2 7.1�0.2 1.4�0.1**44 1.3

Papp is the apparent permeability coefficient of CS and its derivative across Caco-2
cellmonolayers fromAP toBL;R is the absorptionenhancement ratio.*p<0.05 vsCS;
**p<0.001 vs CS; 4p<0.05 vs LMCS; 44p<0.001 vs LMCS.
3.7. Paracellular transport of 5-AMF labeled CS and its derivatives

The solvent used for the labeling of the carbohydrates in the
current studywas an important parameter because of the solubility
of 5-AMF. The 5-AMF was soluble at alkaline pH, while had a poor
solubility in acidic LNA–LMCS micellar solutions. The labeling
reaction could be conducted to promote formation of ammine in
acidic media, whereas not carried out in alkaline solutions. Finally,
we chose 50% ethanol, 50% water solution and low concentrations
of 5-AMF as the reaction system and overcame this solubility
problem.

As shown in Fig. 13, thin-layer chromatography of the filtrate
revealed two bands and one spot after amidization: the top bands,
middle broad bands and origin spots were recognized as 5-AMF, 5-
AMF copolymer and labeled CS and its derivatives, respectively. 5-
AMF labeledCSand itsderivatives exhibiteddifferentRf values from
that of the free 5-AMF molecules or the 5-AMF copolymer.
Therefore, CS and its derivatives were successfully labeled with
5-AMF. After dialysis and filtration, thin-layer chromatography of
the filtrate revealed only one spot, neither free 5-AMF norits
copolymerswas detected. Furthermore, it is demonstrated that the
purified samples do not contain free 5-AMF molecules.

The intracellular uptakes of CS and its derivatives were studied
with Caco-2 cells using confocal laser microscopy. Fluorescent
images were taken by staining cell nuclei using Hoechst 33342
(blue part) and cell membranes using DiI (red part). Confocal
micrographs (Fig. 14) revealed the colocalization of the 5-AMF
labeled CS and its derivatives (green part) with intrinsic fluores-
cence after incubatingwith Caco-2 cells for 2h. As shown in Fig.14,
the control cells were flat andwell spread, with small lamellipodia,
and maintained their typical shape and surface morphology,
suggesting the cell motility. The confocal laser microscopy images
indicated that Caco-2 control cells retained their viability, shape,
and structure over the observation period. The 5-AMF labeled CS
and its derivatives (green part)mainly accumulated around the cell
membrane and intercellular space after incubation.

In addition, the stereoscopic technique utilizing the confocal
laser microscopy images were introduced to determine the
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Fig. 14. Confocal laser scanning imaging of Caco-2 incubated with 5-AMF labeled CS and its derivatives. (A) cell nucleus stained with Hoechst 33342 (blue part), (B) 5-AMF
labeled CS and its derivatives (greenpart), (C) cellmembranes stainedwithDiI (redpart), (D)mergedB and Cpictures and (E)mergedA, B and Cpictures. All imageswere taken
at 126�magnification in oil (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article).
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Fig. 13. Thin layer chromatogram of 5-AMF labeled CS and its derivatives. (1) 5-AMF; (2) 5-AMF and CS mixture; (3), (9), (15) 5-AMF labeled CS; (4), (10), (16) 5-AMF labeled
LMCS; (5), (11), (17) 5-AMF labeled LNA–LMCS1; (6), (12), (18) 5-AMF labeled LNA–LMCS2; (7), (13), (19) 5-AMF labeled LNA–LMCS3; and (8), (4), (20) 5-AMF labeled
LNA–LMCS4.
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Fig.15. F-actin staining of Caco-2 cellmonolayers incubatedwith CS and its derivatives. (A) Caco-2 cellmonolayers incubatedwith 100mg/mLCS and its derivatives for 2h; (B)
Caco-2 cellmonolayers incubatedwith500mg/mLCSand its derivatives for2hand (C) after incubatedwith500mg/mLCSand its derivatives for2h, cellswere carefullywashed
twice with PBS and incubated 24h with fresh culture medium. All images were taken at 126�magnification in oil.
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subcellular distribution of CS and its derivatives at an organelle
level. As shown in Fig. 14, a small amount of CS and LMCS
aggregated in the intercellular space of Caco-2 monolayer after
incubating, whereas all the 5-AMF labeled a-LNA–LMCSs were
detected clearly on intercellular space of Caco-2monolayers. Fig.14
also showed that the cellular uptake of LNA–LMCS2 through the
monolayermembranewasmore rapid than thatof otherLNA–LMCS
micelles. Therefore, it is indicated that modification of LMCS with
a-LNA improved its intestinal absorption through the enhance-
ment of the permeability across intestinal cells.

To visually investigate the possible transepithelial transport
route of CS and its derivatives, the effects of various CS conjugates
on the distribution of F-actin by specific staining with fluorescent
phalloidinwere also observed by CLSM. As shown in Fig.15, control
cells exhibited a regular distribution of actin filaments over the cell
monolayer. Treatment with CS and its derivatives of 100mg/mL for
2h did not reduce the staining and alter the distribution of F-actin,
but themonolayer treatedwith CS and its derivatives of 500mg/mL
appeared to have lost staining slightly. In the monolayer treated
with a high concentration of CS and its derivatives (500mg/mL), F-
actin relocalized to a certain extent to the vicinity of the cell
membrane. The transformationof its striatedpattern is thepossible
consequence of the mechanochemical stress imposed by the
particles onto the epithelial membrane (Fu et al., 2008). Similar
structural alterations of F-actin cytoskeleton can lead to condensa-
tion inpericellular bands, as previously observedunder the effect of
substances that disrupt the intestinal epithelial barrier (Xu et al.,
2011). In general, the cytoskeletal pattern of F-actin molecules in
the perijunctional region of intestinal epithelial cells tends to be
either thickened and tightened (Tahara et al., 2011), or disrupted
and modulated (Finamore et al., 2008) following incubation with
enteric biomolecules or nanoparticles. As seen in Fig. 15B, no
disruption in its cytoskeletal patternwasdetected, althoughF-actin
filament was partially withdrawn to the cell periphery. Each cell
was still surroundedbyother cells on average, as in agreementwith
the previous observations on the packing of confluent layers of
Caco-2 cells (Moyes et al., 2010). After the CS and its derivatives
were removed, F-actin filament was almost full recovery observed
after 24h. These results indicated that the introduction of a-LNA
into the LMCS polymer backbone enhanced the hydrophobicity,
which improved the hydrophobic interaction between the polymer
and the cell membrane. These improvements helped LNA–LMCS2
to be an oral polysaccharide with excellent absorption.

Based on these results, it was concluded that: (1) the
paracellular pathway was involved in the transepithelial trans-
port of a-LNA–LMCS micelles and the modification of LMCS with
a-LNA improved its intestinal absorption; (2) a-LNA–LMCS
micelles prepared in the present study could alter the F-actin
cytoskeleton and the tight junctions permeability of the Caco-2
cell monolayer, but they did not disrupt the overall integrity of the
monolayer.

4. Conclusions

In this work, a new kind of amphiphilic polysaccharides,
a-LNA–LMCSs, was prepared and the physicochemical properties
of a-LNA–LMCSs in aqueous phases were investigated. The mean
diameters of self-aggregates of a-LNA–LMCSs were in the range
of 78–117 nm. The CACs of a-LNA–LMCSs were in the range of
0.027–0.065mg/mL. The characteristics of narrow size distribu-
tion and relatively low CACs may contribute to the stability of the
micelles upon dilution in vivo and in vitro and the improved oral
bioavailability of CS. It was demonstrated that LNA–LMCS2 has
better absorption via oral administration than normal CS and
LMCS. The good oral absorption of CS derivatives were contributed
to the conjugated a-LNA molecule constituent that could promote
intestinal absorption by enhancing the hydrophobic properties of
LMCS and increasing the interaction between LMCS and the
intestinal membrane. Moreover, the transport of LNA–LMCS2
micelles across intestinal epithelial barrier was proved via
paracellular pathway and endocytosis for the first time. In
summary, this study suggested that LNA–LMCS2 with low
cytotoxicity and high oral bioavailability would be a promising
substitute for CS. Furthermore, this study provided a simple set of
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strategies suitable for the oral delivery of macromolecules and
polysaccharide drugs.
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