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Supramolecular  self-assemblies  are  predominately  driven  by  noncovalent  molecular  forces,  and  elec-
trostatic  interactions  are  the  major  force  for charged  molecules.  In  this  paper,  we demonstrate  the
self-assembly  of  hollow  nanospheres  from  oppositely  charged  dextran-based  hydrophilic  macromers.
Charged  dextran  derivatives  were  obtained  by  incorporating  2-bromoethylamine  (Dex–BH)  and
chloroacetic  acid  (Dex–CA)  into  dextran.  In  a  pH  5.0  buffer  solution,  Dex–BH  and  Dex–CA  became  proto-
nated  and  deprotonated,  respectively,  and  self-assembled  into  well-defined  nanospheres.  Dynamic  light
extran
elf-assembly
iodegradable
anosphere
ontrolled release

scattering  (DLS)  detected  that these  nanospheres  have  a uniform  size  distribution  with  a mean  diameter
of approximately  160  nm,  but their  size  and  distribution  are  largely  dependent  on  molecular  weight  and
pH value.  Scanning  electron  microscopy  (SEM)  analysis  revealed  that  these  nanospheres  could  form  a
hollow  architecture,  which  might  be  attributed  to the  hydrophilic  characteristics  of dextran  macromers.
An in  vitro  albumin  release  study  indicates  that  the  release  rate  reflects  the  nanosphere  architecture,  and
further  demonstrates  their  potential  as  drug  delivery  vehicles.
. Introduction

Biodegradable polymeric nanospheres have received consider-
ble interest because of their distinct advantages for drug delivery
Brannon-Peppas & Blanchette, 2004; Gref et al., 1994; Passarella
t al., 2010). Nanospheres can penetrate deep into tissues through
ne capillaries, cross the fenestration into interstitial space, and
re easily taken up by cells via endocytosis/phagocytosis (Panyam

 Labhasetwar, 2003). In addition, nanospheres can be delivered
o distant and specific sites by localized delivery, which uses a
atheter-based approach with a minimal invasive procedure (Song,
abhasetwar, Cui, Underwood, & Levy, 1998), or be directed to
argeted tissues or organs by conjugating with targeting groups
Moghimi, Hunter, & Murray, 2001). Moreover, by coupling mul-
ifunctional groups onto nanospheres, for instance, nanospheres
ould simultaneously serve as drug delivery, cell imaging, and pho-
othermal therapy (Guo et al., 2010).
Molecular self-assembly represents a significant advancement
n the engineering of nanomaterials (Service, 2005; Zhang, 2002,
003). Nanomaterials with diverse morphologies, such as vesicles,

∗ Corresponding author at: Department of Biomedical Engineering, Cornell Uni-
ersity, Ithaca, NY 14853-5201, USA. Tel.: +1 607 255 1938; fax: +1 607 255 1093.

E-mail address: cc62@cornell.edu (C.-C. Chu).
1 Present address: Department of Chemical and Biomolecular Engineering, Johns
opkins University, 3400 N Charles St., Baltimore, MD  21218, USA.

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.05.042
© 2011 Elsevier Ltd. All rights reserved.

fibers, and tubules, have been fabricated through bottom-up molec-
ular self-assembly (Antonietti & Förster, 2003; Park et al., 2006; Yan,
Zhou, & Hou, 2004; Yokoi, Kinoshita, & Zhang, 2005). Zhang and
Eisenberg (1995) even self-assembled a polystyrene-poly-(acrylic
acid) block copolymer into six different morphological yet stable
aggregates. In deed, most self-assembling polymeric spheres are
formed from block copolymers. Gebhardt, Ahn, Venkatachalam,
and Savin (2007) reported that poly(butadiene)-poly(l-lysine)
could form spherical micelles in a high pH aqueous solution. As the
pH decreases, the micelles swell due to charge–charge repulsions
between corona chains and from the helix-coil transition of the
poly(l-lysine) block. Diblock copolymers composed of azobenzene-
containing polyacrylate and poly(acrylic acid) (PAzoM-b-PAA) have
also been self-assembled into micro particles though H-aggregation
by Zhao and co-workers (Su, Zhao, Wang, Li & Zhang, 2007).
According to this study, the spherical particle could be trans-
formed into a disk shape due to the disruption of H-aggregate
when exposed to irradiation at 436 nm.  Similarly, Liu and Jiang
(2006) achieved a reversible self-assembled sphere using block
copolymer poly(4-phenylazomaleinanil-co-4-vinylpyridine) and
polybutadiene through hydrogen bonding interaction. They also
found that visible light induced the cis-azobenzene units into
trans-conformation, leading to intensive swelling of the core, thus

generating hollow spheres. In addition to absolute self-assembly, a
semi-self-assembly strategy was  also used to form hollow spher-
ical structures, such as through the removal of inner components
of self-assembled micelles (Murthy, Ma,  Clark, Remsen, & Wooley,

dx.doi.org/10.1016/j.carbpol.2011.05.042
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:cc62@cornell.edu
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001; Wang et al., 2002) and the direct synthesis of nanocapsules
Kim et al., 2010).

Recently, we demonstrated the self-assembly of tubu-
ar structures from hydrophilic dextran derivatives, i.e.,
extran–bromoethylamine hydrobromide (Dex–BH) and
extran–carboxylic acid (Dex–CA) (Sun & Chu, 2009). These
ubular self-assemblies were further impregnated into the hydro-
el network to improve release properties (Sun & Chu, 2010).
nterestingly, Dex–BH and Dex–CA were unable to self-assemble
nto distinct tubular structures at lower feeding concentrations
5.0 mg/mL). Based on our recent reports (Sun & Chu, 2009, 2010),
e found that a shortage of Dex–BH and Dex–CA prevents the

ormation of tubular structures. Instead, to reach an energeti-
ally favorable state, we speculate that Dex–BH and Dex–CA can
elf-assemble into spherical architectures at a lower concentration.

Unlike hollow nanospheres self-assembled from amphiphilic
olymers (Gebhardt et al., 2007; Matsui & Gologan, 2000; Zhang

 Eisenberg, 1995), or those that require additional chemical reac-
ions (Dou, Jiang, Peng, Chen, & Hong, 2003; Huang, Remsen,
owalewski, & Wooley, 1999), both Dex–BH and Dex–CA are
ydrophilic, so they follow a different self-assembling mechanism.
s illustrated in Fig. 1, at lower concentrations, amine and car-
oxylic acid groups will become protonated and deprotonated,
espectively, in an aqueous solution. Dex–BH and Dex–CA are thus
ppositely charged and attract each other through electrostatic
nteractions. As both Dex–BH and Dex–CA are polyvalent, each of
hem has excess unpaired charged groups, they will further attract
he other until they are depleted and thus form spherical architec-
ures.

To explore the structure and potential applications of these
ggregates, we synthesized a series of Dex–BH and Dex–CA with
arying molecular weights. The influence of dextran molecular
eight and the pH value of the solutions on the nanosphere size

nd distribution were investigated. The spherical structures were
haracterized by dynamic light scattering (DLS) and scanning elec-
ron microscopy (SEM). The correlation between the nanosphere
ormulation condition and the drug release was also examined.

. Experimental methods

.1. Materials

Dextran (MW  = 6000, 40,000, 60,000) was purchased from
igma Chemical Company (St. Louis, MO)  and dried in a vacuum
ven for 24 h at 50 ◦C before use. Dimethyl sulfoxide (DMSO),
riethylamine, 2-bromoethylamine hydrobromide (BEAHB) and
hloroacetic acid (CA) were purchased from Aldrich Chemical Com-
any (Milwaukee, WI). BEAHB and CA were dried in a vacuum oven
or 24 h at room temperature to remove moisture before use. Iso-
ropanol was purchased from J.T. Baker (Philipsburg, NJ). Buffer
olutions (pH 4.0, 5.0, and 7.0) were purchased from GFS chemicals
Powell, OH).

.2. Synthesis of dextran macromers

The synthesis of dextran-2-bromoethylamine hydrobromide
Dex–BH) and dextran–chloroacetic acid (Dex–AC) were synthe-
ized similarly according to our previous method (Sun & Chu, 2009),
nd the degree of substitution (DS, the number of substituting
roup per anhydroglucose unit) was also estimated according to
revious study (Sun & Chu, 2006). To incorporate amine and car-

oxylic acid groups, dextran reacted with BEAHB and CA in the
resence of triethylamine. An example of Dex–BH synthesis is given
ere. Briefly, pre-dried dextran (2.0 g) was first dissolved in anhy-
rous DMSO (20 mL)  under nitrogen gas followed by injection of
olymers 86 (2011) 910– 916 911

triethylamine (11.2 mL). Meanwhile, BEAHB (7.5 g) was dissolved
in DMSO (10 mL)  and subsequently added to the above solution.
This solution was  stirred for 5 h at 50 ◦C and then filtered. Dex–BH
was  then obtained by precipitating the filtered solution into excess
cold isopropyl alcohol and further purified three times by disso-
lution and precipitation with DMSO and cold isopropyl alcohol,
respectively. Before further use, Dex–BH was dried under vacuum
overnight at room temperature. The DS of Dex–BH and Dex–CA
obtained are approximately 2.15.

2.3. Self-assembly preparation

The self-assembly was achieved through the ionic interaction by
mixing negatively charged Dex–CA and positively charged Dex–BH
precursors. Equivalent concentrations (e.g., 0.5 mg/mL) of Dex–BH
and Dex–CA solutions were first prepared using a buffer solution
(pH 5.0) and mixed together, the mixed solution was then sonicated
for 5 min  (Branson 3510R-DTH sonicator, Branson, Danbury, CT,
USA) after mixing. The mixed solution was  stored for16 h at room
temperature before being subjected to further tests. A series of self-
assemblies were made and the solutions remained clear at lower
concentrations, but became cloudy at higher concentrations. The
self-assembling composition is expressed as DNSm-p-c. DNS stands
for dextran nanosphere, m stands for the molecular weight of dex-
tran (kDa), p stands for the pH value the solution, and c stands for
the concentration of the precursors (mg/mL). For example, DNS40-
5-0.05 is the nanosphere prepared from MW40000 dextran, at pH
5 with a concentration of 0.05 mg/mL.

2.4. Morphology

The morphology of the spheres was studied using scanning
electron microscopy (SEM, Leica Cambridge Stereoscan 440, Cam-
bridge, UK) in two modes: air dried and freeze dried. This
self-assembling solution was  dropped on the surface of the alu-
minum SEM stub and air dried. The SEM stub with the dried samples
was  then gold sputter-coated (JFC-1200 Fine Coater, Japan) for 15 s.
The SEM examination was conducted at 25 kV accelerating voltage
and 12 nA probe current. To reveal their morphology at an aqueous
state, the solution was centrifuged, quickly frozen in liquid nitro-
gen, and then freeze-dried in a Virtis Freeze Drier (Gardiner, NY) for
3 days at −50 ◦C under vacuum. The specimen was spread onto an
aluminum SEM stub with double-sided carbon tape, and the spec-
imen was  gold coated and observed the same way  as described
above.

2.5. Dynamic light scattering (DLS)

To determine the assembling sphere size, dynamic light scat-
tering was  performed with DynaPro LSR (Proterion Corporation,
Piscataway, NJ, USA). Briefly, 100 �L of the sample solution was
transferred into the testing cuvette and placed in the light scatter-
ing instrument. The experiment was measured at 25 ◦C with laser
light wavelength of 826.2 nm at the angle of 90◦, and the data were
collected with the Dynamics program.

2.6. Drug release

Ovalbumin (OVA) was  chosen as the model drug, and 5% OVA
(w/w,  OVA/polymers) was pre-loaded into the self-assembled
spheres. First, 5% OVA was  dissolved in a buffer solution (pH
5.0). Similar to the self-assembly process, equal concentrations of

Dex–BH and Dex–CA (pH 5.0 buffer solution) were added succes-
sively to the OVA solution. Then, they were mixed and sonicated for
5 min  in the sonicating water bath. The solution was stored for16 h
at room temperature and centrifuged before release test.
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ig. 1. Schematic illustration of sphere structures self-assembled from hydroph
rotonation and deprotonation in aqueous solution, respectively; they attract each

The QuantiPro Bicinchoninic Acid (QP-BCA) protein assay kit
as used to determine the cumulative OVA release. The BCA assay

olution was prepared according to the manufacturer’s instruc-
ions. The OVA-loaded sphere was immersed in 1.0 ml  PBS (pH 7.4)
t 37 ◦C. At predetermined intervals, the solution was  centrifuged;
he supernatant was transferred to a capped glass vial; and 1.0 ml
f bland PBS solution was added to the OVA-loaded specimen and
hen stirred. Meanwhile, 1.0 ml  of the QP-BCA assay solution was
dded to the capped glass vial, mixed with the supernatant, and
hen incubated at 60 ◦C for 1 h. The samples were then transferred
o a quartz cuvette, and the OVA concentration in PBS medium at
ach interval was monitored by the absorption of the medium at

 = 560 nm on a Perkin-Elmer Lambda 2 UV/VIS spectrometer (Nor-
alk, CT). The concentration of OVA released at a particular interval
as calculated from an OVA standard calibration curve. All release

tudies were carried out in triplicate. The results are presented in
he terms of cumulative release as a function of time:

umulative release (%) =
(∑t=t

t=0Mt

M0

)
× 100

here
∑t=t

t=0Mt is the cumulative amount of released OVA from
he assembling specimen at time t, and M0 is the initial amount of
oaded OVA.

. Results and discussion

.1. Spherical self-assembly

Amine and carboxylic acid groups become protonated and
eprotonated in an aqueous solution, respectively. Dex–BH and
ex–CA become oppositely charged and attract each other through
lectrostatic attraction, the dominant force for these two precur-
ors to self-assemble into ordered structures (Sun & Chu, 2009).
he self-assembling solution was air dried for 2 h, and morphol-
gy was revealed by scanning electron microscopy (SEM). The SEM
mages in Fig. 2 indicate that spherical entities were self-assembled
rom the solutions with concentrations ranging from 0.01 mg/mL
DNS6-5-0.01) to 0.5 mg/mL  (DNS6-5-0.5). At a higher concentra-
ion (DNS6-5-0.5), well-defined spherical structures with a large
ange of sizes were formed (Fig. 2A). At lower concentrations, the
pherical structure became smaller and relatively uniform. Fig. 2B
ndicates that these spheres tend to aggregate at a concentration

f 0.25 mg/mL  (DNS6-5-0.25). With a further decrease in precursor
oncentration (DNS6-5-0.05), individual nanospheres were formed
Fig. 2C), but they started to lose their spherical structures at
.01 mg/mL  (DNS6-5-0.01, Fig. 2D).
xtran macromers. Dex–BH and Dex–CA can become oppositely charged due to
 through electrostatic interactions to form spherical structures.

The spherical self-assembly depends largely on the concen-
tration of precursors. At a higher precursor concentration (e.g.,
DNS6-5-0.5), the self-assembled aggregates have more opportu-
nity to interact with each other. Because these particles carry
polyvalent charges, both positive and negative, these polyvalent
particles can easily aggregate together to form a larger 3D sphere,
as shown in Fig. 2A. The interaction between individual spheres
was  clearly evidenced in the precursor concentration of 0.25 mg/mL
(DNS6-5-0.25, Fig. 2B). The SEM image revealed that two or more
individual spheres aggregated together, indicating the existence of
electrostatic forces or surface tension among the nanospheres at
an appropriate concentration. When the concentration decreased
to 0.05 mg/mL (DNS6-5-0.05), well-defined 3D nanospheres of uni-
form size formed (Fig. 2C). However, the self-assemblies lost their
spherical structures, and some formed flat architectures when the
concentration dropped to 0.01 mg/mL  (DNS6-5-0.01, Fig. 2D).

In this study, the micro-sized self-assembled spheres (e.g.,
DNS-6-5-0.5) are beyond the dynamic light scattering (DLS) mea-
surement, while no complete spherical structures can form at
0.01 mg/mL; thus the DLS measurement was  performed at the con-
centration of 0.05 mg/mL.

3.2. Effect of MW of dextran on sphere size and distribution

Theoretically, any factors that influence the molecular inter-
action can affect molecular self-assembly. The higher molecular
weight (MW)  polymers have greater intermolecular forces, so
an increase in MW can alter resultant nanosphere size. The
self-assembled spheres at different dextran MWs  were charac-
terized by DLS; the data are shown in Fig. 3A. The average
sphere size first increased from 129.7 ± 35.8 nm (Fig. 3Ai) to
158.8 ± 28.9 nm (Fig. 3Aiii) when the dextran MW increased from
6000 (DNS6-5-0.05) to 40,000 (DNS40-5-0.05), and then decreased
to 131.0 ± 44.6 nm (Fig. 3Aii) when the dextran MW continued to
increase to 60,000 (DNS60-5-0.05). However, the size distribution
is wider at MW 6000 and 60,000 than at MW 40,000. This result
verifies that the MW does have an influence on the sphere self-
assembly in this system.

The change in nanosphere distribution from MW 6000 (DNS6-
5-0.05) to MW 40,000 (DNS40-5-0.05) suggests that the increase
in MW causes an increase in intermolecular forces to yield a uni-
form sphere distribution. Higher MW Dex–BH and Dex–CA become
more polyvalent and attract oppositely charged molecules, lead-
ing to larger and uniform nanospheres. However, when the MW

continued to increase, the sphere size distribution broadened. It is
known that dextran is a linear polymer at a MW less than 40,000,
but becomes an increasingly more branched polymeric structure
as the MW increases beyond 40,000. Due to more steric effect,
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ig. 2. SEM images of the self-assembled architectures from Dex–BH and Dex–CA
NS6-5-0.01. Spherical structures were formed, but started to lose their morpholog

ranched dextran does not have as strong interactions as the lin-
ar dextran does, which may  contribute to the broader distribution.
oreover, the irregularity of the molecular structure may  affect the

istribution of ionic groups and therefore influence the sphere dis-
ribution as well. The increase in MW may  also retard the molecular

obility and affect self-assembly. Molecular self-assembly seems
ery sensitive to the molecular weight change. Yan, Zhou, and Hou
2004) also found that molecular weight has an effect on the tubu-
ar self-assembly from HBPO-star-PEO molecules, and only those

olecules with specific MW can self-assemble into tubular struc-
ures.

.3. Effect of pH on sphere size and distribution

Electrostatic interactions are a major force for this spherical
elf-assembly. The nanosphere is dominated by the intermolec-
lar forces between protonated amine groups and deprotonated
arboxylic acid groups, of which their protonation/deprotonation
epends on the pH value of their media. The effect of pH on sphere
ize and distribution is shown in Fig. 3A. The average particle size
s about 104.7 ± 12.3 nm (DNS40-4-0.05) at pH 4.0 (Fig. 3iv) and
58.8 ± 28.9 nm (DNS40-5-0.05) at pH 5.0 (Fig. 3Aiii). Under these
wo conditions, the distribution is very narrow. However, when the
H increased to 7.0 (DNS40-7-0.05), though the average size is only
00.8 ± 58.1 nm (Fig. 3Av), the distribution is much broader than at
H4.0 (DNS40-4-0.05) or pH5.0 (DNS40-5-0.05).

The pH of the media has a distinct effect on the particle size
nd distribution. In aqueous media, both Dex–BH and Dex–CA are
oluble, and the amine groups (pKa ∼ 10.0) and carboxylic acid
roups (pKa ∼ 3.0) become protonated and deprotonated, respec-
ively. Although the amine groups could become protonated in

n aqueous solution, few of them would protonate in a neutral
H solution (i.e., pH 7.0), while most of the amine groups remain
nprotonated. Thus, the interaction between the amine groups and
arboxylic acid groups would not be strong enough to drive them
ferent concentrations. (A) DNS6-5-0.5, (B) DNS6-5-0.25, (C) DNS6-5-0.05, and (D)
en Dex–BH and Dex–CA were depleted.

to form uniform spherical structures at a higher pH. At a lower
pH, the amine groups can become fully protonated, and the ionic
interaction is much stronger, which more tightly binds the Dex–BH
and Dex–CA, leading to smaller and more uniform nanospheres. Hu
et al. (2002).  also demonstrated a pH dependence on the formation
of chitosan–poly(acrylic acid) nanoparticles, in which the particle
size increased from 400 nm to 625 nm when the pH increased from
5.8 to 7.4, whereas the nanoparticles were completely destroyed at
higher pH (pH > 9.0).

It is interesting to note that DNS40-5-0.05 in Fig. 3Aiii demon-
strates a uniform size distribution. We  were encouraged to
investigate its morphology. Fig. 3B shows the well-defined spher-
ical structures under this condition. Basically, there are two  major
sizes of nanospheres. The red arrows indicate the smaller spheres,
which may  correlate to the small peak observed at approximately
30 nm (Fig. 3Aiii). To further confirm their morphology, we ana-
lyzed the structure morphology at a higher magnification. Fig. 3C
shows two  distinct morphologies. The red arrows point to the
smaller nanospheres, while most are uniform larger nanospheres,
which is consistent with the morphology of Fig. 3B. As these
nanospheres were self-assembled in an aqueous solution, a longer
exposure time to air during the drying process may have resulted
in some loss of actual morphology. This further encourages us to
examine their interior morphologies under a freeze-dried condi-
tion.

3.4. Interior morphology of the nanospheres

To determine interior morphology, the centrifuged nanosphere
solution was  quickly frozen in liquid nitrogen, freeze-dried; and
analyzed using SEM, as shown in Fig. 4. The process of quick freezing

in liquid nitrogen allowed preservation of the interior morphology.
The SEM images displayed in Fig. 4A (DNS40-5-0.5) through Fig. 4C
(DNS40-5-0.05) show more details about these spheres. Similar to
the structures reported by Xia and co-workers (Hyuk Im,  Jeong,
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Fig. 3. Size determination of the biodegradable dextran nanospheres. (A) Effect of MW and pH on the particle size and distribution (i) DNS6-5-0.05, d = 129.7 ± 35.8 nm,
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ii)  DNS60-5-0.05, d = 131.0±44.6 nm,  (iii) DNS40-5-0.05, d = 158.8 ± 28.9 nm,  (iv) 

iameters of the nanostructures are measured. The size of microstructures is beyond 

fter  air-drying for 2 h. (C) SEM image of DNS40-5-0.05 at higher resolution after ai

 Xia, 2005), Figs. 4A (DNS40-5-0.5) and 4B (DNS40-5-0.25) illus-
rate two distinct morphologies: hemispheres and near-complete
pheres. These morphologies were not revealed by the air-drying
rocedure, during which these structures may  have been dehy-
rated, thus losing their original structure. When the concentration
ecreased, the nanospheres became much smaller and more uni-
orm (Fig. 4C, DNS40-5-0.05). In addition to the hemisphere, there
ere also some cracked nanospheres. Fig. 4Di and Dii (DNS40-

-0.05) shows the typical structures of cracked nanospheres at a
igher magnification. This result indicates that self-assembling is
 dynamic process, and different stages coexist in each system.
oreover, this self-assembling can occur as hollow structures.
In addition to the hollow nature of the spherical particles,

he SEM images also revealed that the shell thickness of the
0-4-0.05, d = 104.7 ± 12.3 nm,  and (v) DNS40-7-0.05, d = 100.8 ± 58.1 nm. Only the
trument measurement and not shown in this graph. (B) SEM image of DNS40-5-0.05
ng for 30 min.

nanospheres varied under different concentrations. Unlike bilayer
nanospheres or tubules formed through the hydrophobic interac-
tions (Santoso, Hwang, Hartman, & Zhang, 2002; von Maltzahn,
Vauthey, Santoso, & Zhang, 2003), which had uniform layer thick-
ness, the nanospheres in this study had a wide range of shell
thicknesses. This is attributed to the polyvalent characteristics of
the dextran derivatives, from which they could attract each other
and form thick layers. Therefore, this result further supports our
hypothesis in Fig. 1.

The coexistence of hemisphere and complete nanospheres

encourages us to further explore the interior structure. To examine
our hypothesis that the self-assembling nanosphere is a dynamic
process, we compared two self-assembling structures (DNS40-
5-0.05) at 2 h and 16 h (Fig. 5). Fig. 5A indicates that plate (or
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Fig. 4. The SEM micrograph of the freeze-dried spherical self-assembles at different concentrations. (A) DNS40-5-0.5, (B) DNS40-5-0.25, (C) DNS40-5-0.05, Di and Dii typical
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tructures of broken DNS40-5-0.05. The interior structures were revealed, and holl
f  hemisphere; blue arrows indicate near-complete spheres; red arrows indicate th
eader  is referred to the web version of the article.)

alf-bowl)-like structures formed within 2 h, while Fig. 5B reveals
hat more complete spherical structures formed within 16 h.

We speculate that the hollow structure is attributed to the
ydrophilic properties of the dextran derivatives. As both Dex–BH
nd Dex–CA are polyvalent, there are excess amine and carboxyl
roups available when they are mixed and self-assembled, which
akes the self-assembled aggregates hydrophilic and charged. As

 result, when self-assembling nanospheres, both the inner and
uter layers of the sphere are hydrophilic (i.e., both layers try to
emain in the aqueous media). This is much like bilayer spheres, in
hich the hydrophobic tails pack tightly toward each other, while
he hydrophilic heads pack against each other toward the surface.
hile both Dex–BH and Dex–CA are hydrophilic polymers, their

urfaces are hydrophilic when they form layers. Consequently, the
pheres become hollow. At a relatively higher precursor concentra-

ig. 5. SEM images of nanostructures (DNS40-5-0.05) self-assembled within (A) 2 h and
omplete nanosphere structures formed after 16 h.
here were formed at various concentrations. (White arrows indicate the formation
ked spheres). (For interpretation of the references to color in this figure legend, the

tion, more molecules are attracted to the spherical aggregates and
thus form larger spheres.

3.5. Cumulative release test

To evaluate the self-assembled spheres as drug carriers, 5.0%
(w/w)  OVA was pre-loaded into the spheres (DNS40-50.05). The
cumulative release was  observed for 60 days and results are shown
in Fig. 6. The release profile in Fig. 6 presents two distinct stages:
the first stage shows a relatively faster release, with approximately
60% OVA released in the 10 days; the second stage released about

40% OVA over 50 days.

Because of it hydrophilic characteristics, OVA tends to distribute
on the hydrophilic layer of the self-assembled nanospheres. The
faster release of the first stage could be attributed to the OVA

 (B) 16 h. Plate- or half-bow-like nanostructures self-assembled within 2 h, while
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ig. 6. Cumulative release of OVA from self-assembled nanospheres (DNS40-5-
.05).

istribution located in the outer layer of the nanospheres. As the
anospheres degrade, the OVA trapped between the layers released
lowly. The remaining OVA released quickly when the nanospheres
ompletely degraded.

. Conclusions

Nanospheres can self-assemble from hydrophilic Dex–BH and
ex–CA in an aqueous solution. Their morphology, size, and dis-

ribution are largely dependent on the precursor concentration,
he molecular weight of dextran, and the pH values of the solu-
ions. The morphology study by SEM reveals that nanospheres can
orm hollow structures. We  suggest that these hollow structures are
ttributed to the hydrophilicity of Dex–BH and Dex–CA: because
ex–BH and Dex–CA are hydrophilic, both the inner and the outer

ayers are hydrophilic, so the nanospheres formed in aqueous solu-
ion are thus hollow. The in vitro albumin release study indicated
hat the release rate reflects the nanosphere architecture, and fur-
her demonstrates their potential for controlled release in drug
elivery application.

In addition, as amine and carboxyl groups are introduced into
extran, it is possible to incorporate other functional or targeting
olecules by further chemical reaction or physical bonding. With

he incorporation of targeting groups, this nanosphere may  find a
arge range of applications.
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