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a  b  s  t  r  a  c  t

A  novel  micelle  based  on  heparosan  and  deoxycholic  acid  (DOCA)  conjugate  (HD)  as  drug  carrier  was
reported  here.  As the surface  was  negatively  charged,  this  micelle  could  resist  serum  adsorption,  show-
ing favorable  stability.  Moreover,  fluorescence  observation  confirmed  that  it was  able  to deliver  model
hydrophobic  drug  doxorubicin  (DOX)  into  HeLa  cells  efficiently.  The  DOX-loaded  micelles  showed  sus-
tained  release  behavior  at pH  7.4, and accelerated  release  behavior  at pH  5.0  or  in the  presence  of
eywords:
eparosan
erum resistance
icelle
rug delivery

�-glucuronidase,  which  over-expressed  in tumor  cells.  In  vitro  cytotoxicity  assay  demonstrated  that
the  half-maximal  inhibitory  concentration  (IC50)  of DOX-loaded  micelles  against  HeLa  cells  was  much
lower  than  that  of COS7  cells,  showing  significant  therapeutic  distinction  between  tumor  cells  and  nor-
mal  cells.  Combining  with  the  good  biocompatibility  and  biodegradability  of  heparosan,  this  micelle  may
be  promising  in clinical  application  for targeted  drug  delivery.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Drug carriers aim to improve the efficacy and reduce systemic
ide effects of drugs especially in the field of cancer chemother-
py (Duncan, 2003; Ferrari, 2005; Kataoka, Harada, & Nagasaki,
001). Although numerous potent drugs have been developed, their
linical application still faces with intractable problems, such as
oor water solubility, lack of specificity, short blood circulation
ime and limited bioavailability (Brigger, Dubernet, & Couvreur,
002; Peer et al., 2007). To overcome these obstacles, a promising
trategy is to use self-assembly micelle as a carrier to achieve on-
arget delivery of drugs (Langer & Tirrell, 2004; Torchilin, 2001).
s is known, the size, shape, surface charge and surface func-

ional groups strongly influence the circulation of nanoparticles in
loodstream (Stark, 2011; Wang, He, Zhang, Zhao, & Feng, 2013).
evertheless, micelle has exhibited many distinctive advantages
n the regulation of these factors (Rosler, Vandermeulen, & Klok,
001). Morphological features of micelle, like size and shape can be
egulated by adjusting the structure and hydrophilic/hydrophobic
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uxi 214122, PR China. Tel.: +86 510 85911900; fax: +86 510 85329042.
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balance of the polymeric amphiphiles, and micelle can be easily
endowed with specific surface properties by binding functional
groups (Blanazs, Armes, & Ryan, 2009; Riess, 2003; Xu, Chen, Cheng,
Zhang, & Zhuo, 2012). Poly (ethylene glycol) (PEG) has been com-
monly introduced to prolong the circulation time and improve the
stability and bioavailability of micelles, because of its capability of
resisting protein adsorption (Koo et al., 2011; Moghimi, Hunter,
& Murray, 2001; Otsuka, Nagasaki, & Kataoka, 2003). However,
the utilization of PEG is yet limited by its artificial nature, includ-
ing non-biodegradability, exogenous nature and latent long-term
renal toxicity (Caliceti & Veronese, 2003; Karmali & Simberg, 2011;
Simpson, Agrawal, Balinski, Harkness, & Cliffel, 2011). These facts
therefore urge the development of novel materials for substituting
PEG.

Polysaccharides are highly abundant natural polymers from
different origins (e.g. plant origin, microbial origin and animal ori-
gin) (Janes, Calvo, & Alonso, 2001). Since polysaccharides possess
many inherent properties such as biocompatibility, biodegradabil-
ity, low toxicity and ease of chemical modification, they have
been well reported for drug delivery (Baldwin & Kiick, 2010;
Liu, Jiao, Wang, Zhou, & Zhang, 2008; Mizrahy & Peer, 2012).
Recently, heparosan, a heparin precursor isolated from Escherichia.

coli K5, has attracted much research attention (Raman, Mencio,
Desai, & Kuberan, 2013; DeAngelis, 2013). It can not only be
used for in vitro chemoenzymatic synthesis of heparin, but also
be regarded as “self” by host-defense system in vivo, and thus

dx.doi.org/10.1016/j.carbpol.2014.03.084
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.03.084&domain=pdf
mailto:luguozhong@hotmail.com
mailto:jhchenwhut@126.com
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cheme 1. Schematic illustration of the formation of self-assembled HD micelles
nd intracellular drug delivery.

e expected as non-immunogenic (Blundell, Roberts, Sheehan, &
lmond, 2009; Chen et al., 2005; Li et al., 2013). This fact is
mployed by certain pathogenic bacteria to escape from immune
learance (Clarke, Esumeh, & Roberts, 2000; Volpi, 2004; Wang,
hang, McCallum, & Linhardt, 2010). More interestingly, a recent
eport has demonstrated that heparosan has greater cellular uptake
fficiency than heparin, because of its non-sulfation nature (Raman
t al., 2013). This feature of heparosan eliminates heparin’s inherent
rawbacks such as bleeding complications and thrombocyto-
enia, suggesting favorable biosecurity. Moreover, this property
lso eliminates the broad protein binding capability of heparin,
voids the opsonization in the blood stream and leads to pro-
onged circulation half-life of heparosan. Besides, heparosan can
e degraded by �-glucuronidase over-expressed in tumor cells
Barzu, van Rijn, Petitou, Tobelem, & Caen, 1987; DeAngelis, 2013;
rinda, Clarhaut, Renoux, Tranoy-Opalinski, & Papot, 2012). By

hese inspiring results, heparosan and its derivatives may  serve as
otential substitutes of PEG for drug delivery.

Herein, we reported a self-assembly micelle based on heparosan
nd deoxycholic acid (DOCA) conjugate (HD) as a novel drug car-
ier. The amphiphilic HD was obtained by covalently linking DOCA
s the hydrophobic moiety to the main chain of heparosan. There-
ore, the HD could self-assemble into core-shell micelles in aqueous

edium with DOCA aggregated in the core and negatively charged
eparosan gathered on the shell (Scheme 1). It is expected that
he micelle can encapsulate model drug doxorubicin (DOX) in the
ydrophobic core, provide protection to the drug in physiological
ilieu containing serum, and then deliver drug into tumor cells.

he in vitro drug release behavior, cytotoxicity as well as cellular
ptake ability were investigated.

. Experimental

.1. Materials

The strain of E. coli K5 engineering bacteria was  frozen and
tored in the Lab. Deoxycholic acid (DOCA), n-hexane, ethylene-
iamine (EDA), tris base and ethanol were purchased from
hanghai Reagent Chemical Co. (China) and used directly. N,N′-
icyclohexylcarbodiimide (DCC), N,N′-diisopropylcarbodiimide
DIC) and N-hydroxysuccinimide (NHS) were provided by Aladdin
egent Co. (China) and used as received. Tetrahydrofuran (THF),

imethylformamide (DMF), formamide and triethylamine (TEA)
ere purchased from Shanghai Reagent Chemical Co. (China) and
istilled prior to use. Doxorubicin hydrochloride (DOX·HCl) was
btained from Zhejiang Hisun Pharmaceutical Co. (China) and used
ymers 110 (2014) 135–141

as received. �-glucuronidase (1000 U/mg) was purchased from
Sigma–Aldrich Co., and used directly. Dulbecco’s modified eagle
medium (DMEM), RPMI-1640 medium, fetal bovine serum (FBS),
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide
(MTT), trypsin, 4′,6-diamidino-2-phenylindole (DAPI) and peni-
cillinestreptomycin were purchased from Invitrogen Corp.
DEAE-Sepharose gel was purchased from GE Healthcare Bioscience
Bioprocess Corp. All other reagents and solvents were of analytical
grade and used directly.

2.2. Synthesis of N-deoxycholylethylenediamine (DOCA-NH2)

N-deoxycholylethylenediamine (DOCA-NH2) was  synthesized
according to a reported method (Park et al., 2004). Briefly, DOCA
(5.9 g, 15 mmol), DCC (4.1 g, 20 mmol) and NHS (2.3 g, 20 mmol)
were dissolved in dry THF (50 mL). The mixture was reacted
overnight under nitrogen atmosphere at room temperature. After
removing insoluble dicyclohexylurea, the filtrate was poured into
n-hexane to obtain the precipitated succinimido DOCA. Then, suc-
cinimido DOCA (4 g, 10 mmol) was  dissolved in DMF  (10 mL)  and
the solution was  added dropwise into ethylenediamine (60 mL).
After the reaction under nitrogen atmosphere for 6 h, the solution
was concentrated and then poured into distilled water to obtain
the precipitate. The product was  washed with distilled water and
dried under vacuum. The chemical structure and 1H NMR  spectrum
of DOCA-NH2 was  shown in Fig. S1 (Supplementary data).

2.3. Synthesis of HD

The preparation of heparosan was performed according to our
previous report (Zhang et al., 2012). Briefly, E. coli K5 was ampli-
fied by a high cell density fermentation method and heparosan
was isolated and purified by ethanol precipitation followed by ion-
exchange chromatography (see purification and characterization
details in the supplementary data).

Thereafter, heparosan (100 mg), DIC (0.47 mL,  3 mmol) and NHS
(0.345 g, 3 mmol) were dissolved in formamide (5 mL)  with gentle
heating and stirring. After activating the carboxyl acid groups for
30 min, 5 mL  of DMF  solution containing DOCA-NH2 (1 g, 2.3 mmol)
was added. After the reaction for 36 h, the solution was concen-
trated by rotary evaporation and cold acetone was then added to
precipitate the crude product, precipitates were washed carefully
by acetone to remove excess DOCA-NH2. The product was dissolved
in distilled water and put into a dialysis tube (MWCO  3500 Da) and
subject to dialysis against distilled water to remove impurities. The
expected amphiphilic HD was collected by lyophilization. The syn-
thesis route of HD was shown in Fig. 1. The 1H NMR spectra of
heparosan and HD were respectively shown in Fig. S2 (Supplemen-
tary data).

2.4. Determination of critical micelle concentration (CMC)

The CMC  value of HD was  estimated by fluorescence spectra,
which record on a RF-5301PC fluorescence spectrophotometer
(Shimadzu, Japan) by using pyrene as the hydrophobic fluores-
cent probe. Aliquots of pyrene solutions (6 × 10−5 M in acetone,
30 �L) were added to containers, and the acetone was allowed to
evaporate. Subsequently, a series of HD solution (3 mL) of different
concentrations ranging from 0.01 mg/L to 1000 mg/L were added
to containers and sonicated (100 W)  for 15 min. The solutions were
then kept in a thermostatic water bath (37 ◦C) overnight in the
dark to reach the solubilization equilibrium of pyrene. Emission

was carried out at 390 nm,  and excitation spectra were recorded
ranging from 280 to 380 nm. The slit width of both excitation and
emission was 3 nm.  From the pyrene excitation spectra, the fluo-
rescence intensity ratio of the third and first vibronic bands (I3/I1)
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Fig. 1. Synthetic route for h

as plotted against the logarithm of the HD concentrations. The
MC value was determined from the intersection of the tangent to
he curve at the inflection with the horizontal tangent through the
oints at low concentration. See Fig. S3 in the supplementary data.

.5. Micelle formation, size distribution and morphological
bservation

The micelles of HD were prepared by dissolving HD in distilled
ater (pH 7.0) directly, and the concentration was higher than the
MC  value measured above. The average size, size distribution and
-potential of self-assembled micelles and DOX-loaded micelles
n aqueous solution were determined by dynamic light scatter-
ng (DLS) techniques with a Zetasizer Nano ZS apparatus (Malvern
nstruments, UK) at 37 ◦C. The concentration of the sample was

 mg/mL. The morphology of micelles and DOX-loaded micelles
as observed by transmission electron microscopy (TEM) on a JEM-

100 (JEOL, Japan) instrument with an acceleration voltage of 80 kV.
he sample was prepared by dripping a drop of sample solution
1 mg/mL) on a copper grid. After the deposition, excess solution
as blotted away, the sample was stained with phosphotungstic

cid aqueous solution (0.2%, w/v), and then dried in air. To inves-
igate the serum resistance and stability of micelles, 10% FBS (v/v)
as added into sample solutions and then incubated at 37 ◦C for

 h before it was used for the measurements.

.6. Drug loading and in vitro drug release

The DOX-loaded micelles were prepared by dialysis method.
riefly, DOX·HCl (5 mg)  and TEA (1 mL)  were dissolved in 4 mL  of

ormamide/DMF (3/1, v/v) with stirring in the dark overnight, fol-
owed by the addition of HD (20 mg). The solution was  put into

 dialysis tube (MWCO  3500 Da) and subjected to dialysis against
BS (pH 7.4) for 24 h, the PBS was replaced every 4 h to remove
rganic solvents and unloaded drug. After drug loading, the solu-
ion was divided into 4 parts, three of which were respectively put
nto dialysis tubes for drug release study, and the remaining one

as lyophilized. Two tubes containing DOX-loaded micelles were
espectively immersed into 10 mL  of PBS of pH 7.4 and pH 5.0 at
7 ◦C to evaluate the influence of pH value. To evaluate the enzy-
atic drug release behavior, 1 mg  of �-glucuronidase was added

nto the last dialysis tube containing DOX-loaded micelles. After

he enzymatic hydrolysis of heparosan for 30 min  at 37 ◦C, the tube
as subjected to dialysis in PBS (pH 7.4). At the setting interval,

he sample solution was withdrawn and fresh PBS of relevant pH
as replenished after each sampling. The amount of released drug
san–DOCA conjugate (HD).

was measured by UV–vis spectrophotometer (UV-2550, Shimadzu,
Japan) at 497 nm.  Each value was averaged from three independent
experiments. The mass of drugs loaded in micelles include the total
cumulative mass of released drug and the unreleased drug, which
remains in the micelles. To determine the loading amount of DOX
in the micelles, the lyophilized DOX-loaded micelle sample of a
known amount was  dissolved in 1 mL  of formamide/DMF solution
(1/1, v/v). The UV absorbance was obtained at 480 nm.  The encapsu-
lation efficiency (EE) and drug loading level (DL) of the DOX-loaded
micelles were calculated as follows:

EE(%) = mass of loaded drug
mass of feed drug

× 100

DL(%) = mass of loaded drug
mass of drug loaded micelle

× 100

2.7. Cell culture

Human cervix carcinoma (HeLa) cells were incubated in
RPMI-1640 medium containing 10% FBS and 0.1% antibiotics
(penicillin-streptomycin, 10,000 U/mL). Transformed African green
monkey SV40-transformed kidney fibroblast (COS7) cells were
incubated in DMEM medium with 10% FBS and 0.1% antibiotics
(penicillin-streptomycin, 10,000 U/mL) at 37 ◦C in a humidified
atmosphere containing 5% CO2.

2.8. In vitro cytotoxicity assay

The cytotoxicity assay was  performed against HeLa and COS7
cells by MTT  assay. Briefly, HeLa and COS7 cells were respectively
seeded in 96-well plates at a density of 8000 cells/well and incu-
bated in 100 �L of complete medium for 12 h prior to adding HD.
After the incubation for 2 days, the medium in each well was
replaced by 100 �L of MTT  solution (0.5 mg/mL  in PBS), and fur-
ther incubated for 4 h. After that, the medium was  removed and
DMSO (100 �L) was  added to each well. The optical density values
were measured at 570 nm by using a Multiskan MK3  microplate
reader (Thermo, USA). The relative cell viability was calculated as
follow:

ODsample
Cell viability(%) =
ODcontrol

× 100

where ODcontrol is obtained in the absence of HD and ODsample is
obtained in the presence of HD.
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The cytotoxicity of DOX-loaded micelles was measured by the
ame method, and DOX solution with containing 5% (v/v) DMSO as
he co-solvent was used as the positive control.

.9. Cellular internalization of DOX-loaded micelles

HeLa and COS7 cells were respectively seeded in 24-well plates
nd incubated in 1 mL  of complete medium for 12 h. After that,
OX-loaded micelles dispersed in culture medium (10 mg/L, equiv-
lent to 1.67 mg/L free DOX) containing 10% FBS were added and
he cells were incubated for another 1 h. The medium was  then
emoved and gently washed with PBS for several times. Cells
ere fixed for 15 min  in 4% paraformaldehyde water solution at

oom temperature and then stained by blue fluorescent dye DAPI
0.2 �g/mL in water stock solution) for 10 min. After removing the

edium and washing 3 times with PBS, the cells were viewed under
 DMIL LED inverted fluorescence microscope (Leica, Germany).

. Results and discussion

.1. Synthesis and characterization of HD

For the synthesis of HD, DOCA was initially connected with
thylenediamine to introduce a primary amine group, and then
hemically coupled with heparosan. The synthesis route of HD was
hown in Fig. 1. Since heparosan could be produced in large quanti-
ies by fermentation method, it suggested that HD has a steady and
eliable source. The chemical structures of heparosan and HD were
espectively identified by 1H NMR  (Fig. S2). As shown in Fig. S2a,
he characteristic proton peaks of heparosan was consistent with
he result reported previously (Zhang et al., 2012). After the con-
ugation, 1H NMR  was operated in two different solvent systems
ncluding D2O and CD3OD/D2O (v/v, 1:1) to identify the structure
f HD. Wherein, CD3OD/D2O is an available solvent for dissolving
oth hydrophilic heparosan chain and hydrophobic DOCA moieties.
s shown in Fig. S2c, characteristic proton peaks of both heparosan
nd DOCA are visible when use CD3OD/D2O as the solvent, implying
hat HD was successfully synthesized. As comparison, the char-
cteristic proton peaks of DOCA (0.62–2.3 ppm) are absent, but
he peaks of heparosan are existing in the spectrum operated in
2O (Fig. S2b). Since DOCA hardly dissolved in water, this result

mplied the micellization of HD with hydrophobic DOCA moieties
nwrapped into the core and hydrophilic heparosan covered on
he shell. The characteristic proton peaks of DOCA (0.62 ppm, 21-
H3) and heparosan (5.31 ppm, 1-H, GlcNAc) used for calculating
he degree of substitution (DS) were labeled, as shown in Fig. S2 (See
etails in supplementary data). The DS of DOCA to heparosan cal-
ulated from the peak integration ratio was 0.29 per a disaccharide
epeating unit.

.2. Preparation and characterization of micelles

The HD could self-assemble into micelles in aqueous medium
t a fixed concentration, which was verified by the fluorescence
echnique using pyrene as the hydrophobic probe. As shown in
ig. S3a, the fluorescence intensity of pyrene in the excitation
pectra increases with the elevation of HD concentration. Simul-
aneously, a shift of peak location from 335 nm (I1) to 339 nm (I3)
as observed clearly from the spectra. This changed photo-physical
roperty attributes to the preferential partition of pyrene from the
ydrophilic outer medium into the hydrophobic inner core, indicat-

ng the micellization of HD in aqueous solution. The defined critical

icelle concentration (CMC) value of HD was determined from the

angent to the curve at the inflection intersected with the horizon-
al tangent at low concentration (Fig. S3b), and the CMC  value is
9.5 mg/L. This low CMC  value indicated the designed micelle of
Fig. 2. TEM images of (a) HD micelles, (b) DOX-loaded micelles in PBS solution
(1  mg/mL) and (c) 10% FBS; (a1, b1) in the absence of 10% FBS and (a2, b2) in the
presence of 10% FBS.

HD was  stable and could be utilized in a diluted milieu, such as
bloodstream.

The morphologies of the self-assembly micelles and DOX-loaded
micelles were observed by TEM respectively, as shown in Fig. 2.
It was  found in Fig. 2a1 that the designed amphiphilic HD is able
to aggregate in aqueous solution and form well-dispersed micelles
with spherical shape. Its size was estimated to be about 50 nm from
the TEM image. Fig. 2b1 showed the TEM image of DOX  loaded
micelles. Clearly, micelles remain spherical shape and dispersibility
after loading DOX into the hydrophobic core, but the size is slightly
larger (∼70 nm)  as well as the contrast is higher than that of HD
micelles without loading DOX. This indicated the core region of the
micelle was more compact, and further illustrated the hydrophobic
drug was  encapsulated in core of micelles. To evaluate the stability
of micelles, fetal bovine serum (FBS) was added into the solution of
micelles. As shown in Fig. 2a2 and b2, both HD micelles and DOX-
loaded micelles keep their shape in the solution containing 10%
FBS. Except micelles, floccules of FBS aggregation was observed as
compared with the TEM image of 10% FBS (Fig. 2c). Noted that the
agglomeration of micelles was not found in the visual field of either
HD micelles or DOX-loaded micelles. These phenomena showed
that HD micelles had good serum resistant capability and may  offer
drug improved circulation period.
Additionally, dynamic light scattering (DLS) measurements fur-
ther illustrated the stability of HD micelle, as shown in Fig. 3.
After the addition of FBS, the size distribution results of either
HD micelles (Fig. 3a1 and a2) or DOX-loaded micelles (Fig. 3b1
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ig. 3. Size distributions of (a) HD micelles, (b) DOX-loaded micelles and (c) 10%
BS detected by DLS; (a1, b1) in the absence of 10% FBS and (a2, b2) in the presence
f  10% FBS.

nd b2) showed no-significant variation. As compared with the
ize distribution result of 10% FBS (Fig. 3c), the peak found around
0 nm in DLS histograms of micelles was due to the aggregation
f FBS. This phenomenon was consistent with TEM observation,
llustrating that the serum was hard to be adsorbed onto the sur-
ace of HD micelles and DOX-loaded micelles. Likewise, the size of
OX-loaded micelles is larger than that of HD micelles. The mean

ize of HD micelles and DOX-loaded micelles were measured to
e 110.8 nm (PDI = 0.207) and 211.4 nm (PDI = 0.254) respectively
Table S1, supplementary data). This result allowed the micelle to
hare nano-dimensional feature and accumulate in tumor tissue
y the EPR effect. The difference of size between TEM observa-
ion and DLS detection is due to these micelles will shrink in dried
tate, showing that HD micelle possesses favorable capability to
tore water in the shell region. The �-potential of HD micelles and
OX-loaded micelles were measured to be −28.1 mV  and −31.4 mV

espectively (Table S1). This was due to heparosan gathered on the
hell region of micelles, leading to the micelles show negatively
harged property. Thus, the HD micelles possess favorable stabil-
ty in serum solution, suitable size and surface charge, showing

 potential application as the substitute of PEG for drug deliv-
ry.

.3. DOX-loaded micelles and in vitro drug release

The drug loading capability is the precondition of applying
icelle as the drug carrier. Herein, hydrophobic DOX was chosen as

he model drug to evaluate the drug encapsulation efficiency (EE)
nd drug loading level (DL) of micelles. The encapsulation of DOX
as simultaneously achieved along with the formation of micelles

y dialysis method. The EE and DL values of DOX-loaded micelles
n this study were measured to be 62.66% and 16.71% respec-
ively (Table S1). The encapsulation of DOX into the HD micelles

as probably attributed to the combined effect of hydrophobic

nteraction and electrostatic attraction, which divided the loading
OX into two parts of the micelles. On the one hand, DOX was

oaded into the core region of micelles because of the hydrophobic
Fig. 4. Drug release profiles of DOX-loaded micelles at pH 7.4, pH 5.0 and in the pres-
ence  of �-glucuronidase for (a) a week and (b) the initial 14 h. Error bars represent
standard deviation of 3 independent replicates for the test.

interaction. On the other hand, the shell of HD micelles gather-
ing many carboxyl groups of heparosan, which resulting in the
micelle bears negative charge, and adsorbing another part of DOX
in the shell region of micelles through the electrostatic attrac-
tion between carboxyl groups and amino group in the molecule
of DOX.

The drug release behavior of DOX-loaded micelles was  inves-
tigated in vitro. The PBS of pH 7.4 was used to imitate the blood
and PBS of pH 5.0 to imitate the milieu of tumor site. Besides, in
another group, �-glucuronidase was  added for simulating lyso-
somes of tumor cells. As shown in Fig. 4, release profiles showed
sustained release behaviors of DOX at pH 7.4 and pH 5.0. The accu-
mulated release rate of DOX at pH 7.4 and pH 5.0 were 36.4% and
46.9% in the initial 10 h (Fig. 4b), and reach 73.9% and 93.9% after
100 h (Fig. 4a) respectively. Overall, the release rate and released
amount of DOX at pH 5.0 were higher than that at pH 7.4, suggest-
ing a promoted drug release behavior at tumor site. Because of the
release of DOX from micelles is mainly by means of free diffusion,
this distinction could be attributed to the solubility of DOX at dif-
ferent pH values as well as the electrostatic interaction between
heparosan and DOX. As we known, DOX is well soluble at low pH
in an ionized state. Thus, low pH facilitates the encapsulated DOX
to migrate from the inner to outer shell, results in the increas-
ing of release rate. Furthermore, at pH 5.0, the carboxyl groups
of heparosan were discharged, desorption of DOX  from the shell
region of micelles was  also promoted, and induced the rapid release
behavior at the first 10 h. Additionally, the DOX-loaded micelles
also showed an accelerated release behavior with the addition of
�-glucuronidase. Over 65 percent of the DOX released out in the
initial 10 h because of the degradation of heparosan. Since tumor

bears many features including low pH and various over-expressed
enzymes, the phenomena in drug release study demonstrated the
HD micelle might perform a satisfied release behavior in tumor
site.
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Fig. 7. Fluorescent images of (a) HeLa cells and (b) COS7 cells co-cultured with DOX-
loaded micelles for 1 h. (a1, b1) Red fluorescence showed the DOX has internalized
into cells; (a2, b2) blue represented cell nuclei stained by DAPI; (a3, b3) bright-field
ig. 5. In vitro cytotoxicity of HD against HeLa cells and COS7 cells. Error bars rep-
esent standard deviation of 3 replicates for the test.

.4. In vitro cytotoxicity study

The cytotoxicity study of HD and DOX-loaded micelles were per-
ormed against HeLa and COS7 cell-lines by MTT  assay. As exhibited
n Fig. 5, HD behaves no significant cytotoxicity in both tumor and
ormal cells, and over 80% of cells survive after co-incubating with
D even at high concentration of 200 mg/L, showing good biocom-
atibility. Subsequently, the cytotoxicity of DOX-loaded micelles
as evaluated. As shown in Fig. 6a, the half-maximal inhibitory

oncentration (IC50) of DOX-loaded micelles and free DOX against
eLa cells exhibited indistinctive difference. On the contrary, the

C50 value of DOX-loaded micelles against COS7 cells was  much
igher than that of free DOX (Fig. 6b), indicating a low cytotoxic-

ty. Since the dose of DOX was the same, this difference may  relate
o the release behavior of DOX at different milieu. As illustrated in
rug release profiles, the milieu like low pH and the presence of
-glucuronidase could facilitate the release of DOX from micelles.
ecause of the tumor cells met  such conditions, this might lead

o the accelerated release behavior of DOX, showing distinctive
ytotoxicity against HeLa cells as compared with COS7 cells.

ig. 6. In vitro cytotoxicity of DOX-loaded micelles and DOX against (a) HeLa cells
nd  (b) COS7cells. Error bars represent standard deviation of 3 replicates for the test.
images. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web  version of the article.)

3.5. Cellular internalization

HeLa and COS7 cells were incubated with DOX-loaded micelles
respectively to assess the cellular uptake of micelles. The distri-
bution of red fluorescent DOX was observed by using an inverted
fluorescence microscope. As presented in Fig. 7, the red spots cor-
responding to DOX were found in the cytoplasm of HeLa cells,
illustrating that DOX-loaded micelles were successfully internal-
ized (Fig. 7a1). In contrast, the red fluorescence in COS7 cells was
weak (Fig. 7b1), showing that less DOX was  delivered into COS7
cells. Given the hydrophobic property of DOX, it is reasonable to
postulate that the effective uptake of DOX was  achieved by the
transporting of HD micelles. Besides, DAPI of blue fluorescence was
utilized to label the cellular nuclei for further exploring the local-
ization of DOX. From the merged fluorescence images (Fig. 7a2 and
b2), the colocalization of red and blue fluorescence indicates that a
number of DOX molecules have accumulated in the nuclei of HeLa
cells. Furthermore, it was found from Fig. 7a3 and b3, HeLa cells
emerged shrinking shape, while COS7 cells were of spreading mor-
phology. These phenomena indicated that the state of HeLa cells is
abnormal, which agree with the result of cytotoxicity assay. Since
higher amount of DOX-loaded micelles were internalized by HeLa
cells than that of COS7 cells, as shown in Fig. 7a1 and b1. This
might also increase the different cytotoxic effect between tumor
and normal cells.

4. Conclusions

A novel polymeric amphiphile based on heparosan and DOCA
conjugate was  prepared. DOCA as hydrophobic moieties could
propel HD to form self-assembly micelles in aqueous medium
and hydrophobic model drug DOX was  effectively encapsulated in
micelles. Since heparosan gathered on the shell region, the micelle
had negatively charged surface and showed favorable stability
in serum solution. The drug release study revealed the resulting
micelles could achieve sustained drug release at pH 7.4, and accel-
erated drug release at pH 5.0 or in the existence of �-glucuronidase
as well. Cellular uptake and in vitro cytotoxicity assay confirmed

that DOX-loaded micelles could efficiently internalize into HeLa
cells, and show significant distinction of IC50 between tumor cells
and normal cells. Combined with good biocompatibility of HD and
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bundant source of heparosan, the HD micelles developed here will
ave a great potential as drug carriers for cancer therapy.
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