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’ INTRODUCTION

Recently, polymer-inorganic hybrid nanospheres have at-
tracted increasing attention because of the synergic properties
arising from both the polymeric nanospheres and inorganic
nanomaterials.1-11 Especially those that are biocompatible and
able to emit fluorescence are greatly useful in monitoring nano-
sphere journey in cell and body, detecting disease sites and
reporting therapy response. Compared with organic fluorescent
dyes, the inorganic fluorescence-emitters such as quantum dots
(QDs) exhibit more robust fluorescence intensity, greater photo-
stablility, a broader excitation wavelength range, and a narrower
emission spectrum.11 Therefore, extensive studies have concen-
trated on utility of QDs as imaging agents for multicolor imaging
cells, tissues, and animals.7-10,12-17 However, the biomedical
and clinical applications of QDs are limited by their poor
biocompatibility and instability in different physiological envir-
onments. Many strategies are being developed to overcome these
limitations. The most successful approach has been to coat QDs
with biocompatible water-soluble polymers, which increases
QDs colloid stability in aqueous solution and biological milieu,
and improves their biocompatibility.6,8 However, such thin

polymer layer at the surface of QDs is difficult to meet the
demand to carry enough active molecules. On the other hand,
enwrapping QDs with biocompatible polymer nanospheres to
replace thin polymer layer will provide enough space for the
loading of other active agents such as drugs (see Figure S1 in the
Supporting Information) and inorganic nanoparticles, which can
extend their application into areas like disease therapy and
diagnosis, making them becomes multifunctional nanodevices.
In turn, fluorescence-emitting QDs will report the trace and fate
of polymer nanocarries in cells and body, exerting their labeling
role. In addition, QDs in polymer matrix may diminish QD shell
shedding that commonly leads to photodegradation.6 However,
the most construction of QD-associated polymer nanocarriers
reported so far require complicated synthesis processes and may
cause environmental toxicity, which arise from either the use of
surfactants or the organic solvents. Moreover, some of QD
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ABSTRACT: A facile approach to prepare CdSe/ZnS quantum
dot-encapsulated chitosan hybrid nanospheres (CS-QD) is
developed by utilizing ethanol-aided counterion complexation
in aqueous solution. The obtained CS-QD hybrid nanospheres
have not only the loading space provided by the chitosan
spherical matrix for loading multiply QDs but also unique
fluorescent properties provided by the encapsulated QDs.
Moreover, these hybrid nanospheres possess good biocompat-
ibility and optical stability in physiological environment. It is
demonstrated that CS-QD hybrid nanospheres can be inter-
nalized by tumor cells and hence act as labeling agent in cell
imaging by optical microscopy. In addition, CS-QD hybrid
nanospheres can be used for imaging of tumor in tumor-bearing
mice via intratumoral administration and can accumulate at
tumor site via the blood circulation based on intravenous
injection. Thus, on the one hand, chitosan nanospheres provide
the protection in both colloidal and optical stability arising from
QDs and offer biocompatibility. On the other hand, the encapsulated QDs light up polymer nanospheres and display the fate of
polymer nanospheres in cells and bodies.
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encapsulations with polymers often cause the disappearance in
QD fluorescence intensity.18

Chitosan (CS) is a linear natural polysaccharide composed of
β-(1f4)-2-amido-2-deoxy-D-glucan (glucosamine) and β-(1f4)-
2-acetamido-2-deoxy-D-glucan (acetyl glucosamine) units, and
prepared from N-deacetylation of chitin extracted from crusta-
cean shells. Because of its good biocompatible, biodegradable,
and low-toxicity properties, chitosan has been widely used in
biomedical field as a carrier for drugs or other biomaterials.4,19

Chitosan is also a cationic polyelectrolyte which will enhance the
cellular binding and internalization of QD for ex vivo cell
labeling. Although there are several works about QD/chitosan
systems,20,21 the stability of these systems in physiological
environments remains substantial challenges.

Herein, we report a facile approach to the fabrication of
chitosan-QD hybrid nanospheres based on low-molecular-
weight, water-soluble CS and CdSe/ZnS QDs as schematically
shown in Figure 1. The resultant CS-QD hybrid nanospheres
embedding multiple QDs not only are stable in aqueous solution
and physiological environment but also retain their fluorescent
characteristics. The ability of biological imaging and labeling of
the CS-QD hybrid nanospheres in vitro and in vivo were
evaluated. In vivo fluorescent imaging in tumor-bearing mice
indicates that the fluorescence from QDs of hybrid nanospheres
can be visualized in tumor. Moreover, the chitosan-QD hybrid
nanospheres enhance QDs retention within solid tumor.

’EXPERIMENTAL SECTION

Materials. Chitosan (CS) with number-average molecular weight
(Mn) of 5000 was purchased from Yuhuan Biomedical Company
(Zhejiang, China) and used without further purification. Cadmium
oxide (CdO), hexamethyldisilathiane ((TMS)2S), diethylzinc (Zn(Et)2),
trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), Ethylene
diamine tetraacetic acid (EDTA) and glutaraldehyde (GA)were purchased

from Aldrich. Hexadecylamine (HDA), selenium, 3-mercaptopropionic
acid (3-MPA) and stearic acid are products of Alfa Aesar. All chemicals
were used as received. All other ingredients were analytical grade unless
otherwise stated.
Synthesis of CdSe/ZnS QDs. Luminescent CdSe/ZnS QDs were

synthesized following the procedures reported previously,22,23 with
minor modifications. Briefly, 12.7 mg of CdO and 114 mg of stearic
acid were added into a 100 mL three-neck flask and heated to 150 �C
under Ar flow. After CdOwas completely dissolved, 1.94 g of TOPO and
1.94 g of HDA were added to the flask. Then, the mixture was heated to
280 �C under an Ar flow. At this temperature, 2 mL of a TOP solution
containing 79 mg of selenium was swiftly injected into the reaction
system under vigorous stirring. The color of the reaction mixture
changed from colorless to yellow, orange, or red within 1 min. Subse-
quently, the temperature of the solution was cooled to 200 �C, a solution
containing 100 μL ((TMS)2S) and 370 μL (Zn(Et)2) premixed in 2 mL
of TOP was gradually injected into the flask over 3 min. The reaction
system was kept at 180 �C and stirred for 40 min. Finally, the reaction
system was cooled to 90 �C and stirred for one hour. The mixture was
diluted by 15 mL of chloroform. The resulting sample of CdSe/ZnS
QDs was precipitated by adding methanol into the solution, collected by
centrifugation, and redispersed to chloroform. The concentration of
resulting QDs solution was calculated based on a method developed by
Peng et al,24 the concentration of CdSe core solution was first calculated,
and then the concentration of CdSe/ZnSQDs solution was determined.
Preparation of CS-QD Hybrid Nanospheres. The CS-QD

hybrid nanospheres were synthesized by a non-solvent-aided counterion
complexation method. First, 25 mg of CS was dissolved in 8 mL of
deionized water. A predetermined amount of EDTA was then added to
the CS aqueous solution and stirred until the EDTA fully dissolved. The
as-preparedQDs were transferred from chloroform into deionized water
with the aid of 3-MPA according to reported procedures.25 4.2 nmol of
water-soluble QDs were precipitated by ethanol, centrifuged, redis-
persed to deionized water twice, and then added subsequently to the CS-
EDTA mixture solution. The resultant mixture was stirred for 2-3 min.
After that, ethanol, a nonsolvent for both chitosan and EDTA, was added

Figure 1. Schematic illustration of the preparation of CS-QD hybrid nanospheres.
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dropwise to the system under stirring until the clear solution turned
opalescent, which indicated the formation of CS-EDTA colloidal
particles and QDs were spontaneously encapsulated into CS-EDTA
colloidal particles. Eleven microliters of GA aqueous solution (25%) was
then added into the colloidal solution to cross-link CS of obtained hybrid
nanospheres and the cross-linking reaction was allowed to proceed for 2
h at room temperature. The obtained suspension was filtrated and pH of
suspension was adjusted using 2 M ammonia solution to pH = 10.0.
After that, the suspension solution was centrifugated and the sediment
was redispersed into deionized water. Finally, the particle solution was
dialyzed against deionized water at pH = 9 for 24 h to remove EDTA
component in the particles to obtain CS-QD hybrid nanospheres.
Characterization of QDs and CS-QD Hybrid Nanospheres.

Photoluminescence (PL) spectra were taken with RF-5301PC spectro-
fluorometer (Shimadzu, Japan), and UV-vis absorption spectra were
collected using UV3100 spectrophotometer (Shimadzu, Japan). Slit
width of the spectrofluorometer was 5 nm in both the excitation and
emission monochromators. Samples were placed in an open-sided, 1 cm
path length quartz cuvette for both PL and UV-vis measurements.
Fluorescence quantum yields were estimated by comparing the inte-
grated fluorescence intensity of the sample solutions and rhodamine B in
matched absorbance region. Samples were diluted so that they were
optically thin. X-ray powder diffraction patterns of the samples were
collected on a Shimadzu XRD-6000 Diffractormeter using the Cu-KR
radiation. Morphological studies of the hybrid nanospheres were carried
out using high-resolution transmission electron microscopy (HRTEM)
(JEM-2100, JEOL), scanning electron microscopy (SEM) (S-4800,
Hitachi). For HRTEM observations, the specimens were prepared by
drop-coating the sample dispersion onto an amorphous carbon-coated
300 mesh copper grid. A drop of the suspension was placed on a clean
silicon wafer and air-dried for SEM observations. The mean diameter,
size distribution and zeta potentials of the prepared nanospheres were
determined by a dynamic light scattering (DLS) method using a
Brookhaven BI-9000AT instrument and a Zetaplus (Brookhaven In-
struments Corporation), respectively. All results were the average of
triplicate measurements.
QD Encapsulation Efficiency. The CS-QD hybrid nanospheres

stock solution was centrifuged and the sediment was lyophilized. Freeze-
dried hybrid nanospheres were weighted and then were analyzed by
thermogravimetry analyses (TGA). TGA were performed using
TAC71DX thermal analyzer under N2 flow in the temperature range
25-800 �C at a heating rate of 20 �C/min. The amount of free QDs in
the supernatant was quantified using inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (J-A1100, Jarrell-Ash). QDs encap-
sulation efficiency was calculated with the following equation

encapsulation efficiency% ¼ weight of QDs in the hybrid nanospheres
weight of the feeding QDs

� 100%

Cytotoxicity Assays. Cytotoxicity of the CS-QD hybrid nano-
sphere was evaluated by 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylte-
trazolium chloride (MTT) assays. HeLa cells were seeded into a 96-well
plate at a density of 5000 cells per well and incubated at 37 �C in
humidified atmosphere with 5% CO2. The culture medium was a
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Hyclone, Logan, UT), streptomycin
at 100 ug/mL, penicillin at 100 U/mL, 4 mM L-glutamine and changed
every other day until 80% confluence had been reached. The medium
was then replaced with 100 μL of a medium containing CS nanospheres
and CS-QD hybrid nanosphere solution with different concentrations.
One row of the 96-well plates was used as control. After incubation for
24 h, 20 μL of a 5 mg/mLMTT solution was added to each well, and the

plate was incubated for 4 h, allowing the viable cells to reduce the yellow
MTT to dark-blue formazan crystals, which were dissolved in 150 μL of
dimethyl sulphoxide (DMSO). The absorbance of individual wells was
measured at 570 nm by an ELISA reader (Huadong, DG-5031,
Nanjing). The cell viability was determined by following equation:

cell viability% ¼ absorbance test cells
absorbance controlled cells

� 100%

Confocal Laser Scanning Microscopy (CLSM). The CS-QD
hybrid nanospheres were incubated with Hela cells for 4 h. Then these
cells were washed three times with cold (4 �C) and warm (37 �C) PBS,
successively. After that, the cells were observed with a confocal system
(Zeiss LSM 710, Germany) by the red channels. The samples were
excited at 488 nm.
Small Animal Imaging Studies. Six to seven week old ICR mice

(20-25 g) were purchased from Laboratory Animal Center of Nanjing
Medical University. H22 tumor cells (5-6 � 106 cells/mouse) were
inoculated subcutaneously to animals at the left axilla. Tumor growth
was monitored daily until it reached the acceptable sizes. The mice were
divided into two groups for intratumoral and tail vein injection study,
respectively. On the one hand, the mice were administered CS-QD
hybrid nanospheres (equivalent to 50 pmol of QD) by intratumoral
injection and anesthetized with isoflurane at various time points post-
injection. The sedated animals were then imaged using the Maestro
in vivo optical imaging system (CRI, Inc., Woburn, MA). On the other
hand, CS-QD hybrid nanospheres (equivalent to 50 pmol of QD) were
injected into H22 tumor bearing mice through a tail veil. Then the mice
were killed and tumor tissue was harvested for isolated organ imaging at
24 h post i.v. administration.

’RESULTS AND DISCUSSION

Preparation of CS-QD Hybrid Nanospheres. To synthesize
CS-QD hybrid nanospheres, CdSe/ZnS QDs with excellent
fluorescence characteristics were first prepared. Here, CdSe/
ZnS QDs with the emission wavelength at around 620 nm was
obtained by solution-phase synthesis for reducing autofluores-
cence from animal tissues and increasing penetration depth of
excitation light as full steam.26 TOPO and HDA were used to
passivate the CdSe/ZnS QDs surfaces, thereby rendering them
dispersible in chloroform. For construction of CS-QD hybrid
nanospheres in aqueous solution, the as-prepared QDs were
transferred from chloroform into deionized water with the aid of
3-MPA by surface ligand exchange. The fluorescence quantum
yield (QY) of the water-soluble and 3-MPA-coated CdSe/ZnS
QDs is about 38.9% of the original value (86.4% in chloroform).
CS-QD hybrid nanospheres were synthesized by a nonsol-

vent-aided counterion complexation method, as schematically
shown in Figure 1, using water-soluble CdSe/ZnS QDs, EDTA,
and low-molecular-weight chitosan as the starting materials. The
3-MPA-coated CdSe/ZnS QDs were initially dispersed in an
aqueous solution containing chitosan and EDTA. Thus, cationic
chitosan should undergo counterion condensation with multi-
valent anionic EDTA and negatively charged CdSe/ZnS QDs in
aqueous solution, to form colloidal aggregates. However, because
of the excellent water-solubility of chitosan with low molecular
weight, the water-insoluble counterion complexes between chit-
osan and EDTA as well as CdSe/ZnS QDs did not occur.
Therefore, ethanol, a nonsolvent for QDs, chitosan and EDTA,
was added to the aqueous solution to facilitate counterion
interactions between the positively charged chitosan chains
and the anionic EDTA as well as negatively charged CdSe/ZnS
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QDs to form CS-EDTA-QDs nanospheres. Consequently,
CdSe/ZnS QDs were effectively encapsulated within the chit-
osan-EDTA spheres. After the chitosan moiety of the nano-
spheres was cross-linked by glutaraldehyde, EDTA, a building
block of the nanospheres, was removed by dialysis against basic
water because of its small molecule character, while CdSe/ZnS
QDs were left inside the cross-linked chitosan spheres. Thus, the
CS-QDs hybrid nanospheres with cationic chitosan matrix and
CdSe/ZnS QDs were obtained.
To optimize our synthesis parameters, various ratios of EDTA,

CS, and QDs were utilized to prepare CS-QDs hybrid nano-
spheres. First, with a constant ratio of EDTA and CS (4.45:1
molar ratio), the hybrid nanospheres were synthesized by chan-
ging the amount of QDs added in the system and monitored by
DLS. As shown in Figure 2a, the hydrodynamic diameter of CS-
QDs hybrid nanospheres increases from 127.9 to 206.6 nm with
the increasing QDs added from 2.07 nmol to 8.3 nmol. As
mentioned earlier, the negatively charged QDs play a counterion
role similar as EDTA in the formation of CS-QD hybrid nano-
spheres. In addition, as presented in Figure 2(b), the size of CS-
QD hybrid nanospheres decreases slightly from 167.9 to
146.2 nm with changing the molar ratio of CS to EDTA from
1:4.45 to 1:2.14. Apparently, these particle sizes are well suitable
for efficient transportation and against rapid clearance in vivo.27,28

Also, both results suggest that the size of nanospheres decreases
with decreasing negatively charged moiety since hydrophobic
(charge-neutral) moieties decrease. Although a higher loading

level of QDs could endow each CS-QD hybrid nanosphere with
more prominent photoluminescence properties, it also compro-
mises the dispersion stability of hybrid nanospheres. When the
QDs amount adding in system was up to 8.3 nmol, the
irreversible agglomeration of the CS-QD hybrid nanospheres
occurred during store. Therefore, in subsequent experiments, to
achieve a good balance between the nanosphere stability and
photoluminescence intensity of each nanosphere, the CS-QD
hybrid nanospheres prepared with 4.2 nmol QDs added were
used. The QD encapsulation efficiency was about 92% for these
CS-QD hybrid nanospheres.
Figure 3 shows the TEM and SEM images of CS-QD hybrid

nanospheres. From TEM image, it can be seen that the CS-QD
hybrid nanospheres have a spherical outline and uniform size.
The sphere size observed under TEM is smaller than the DLS
result due to the shrinking in dry state. The markedly high
electron density of QDs enables the direct visualization of the
QDs within CS nanospheres. It is found that all of QDs are
enwrapped into CS nanospheres and most of CS nanospheres
contain the multiply QDs although minority CS spheres are
empty. The average encapsulation number of QDs in each CS
nanosphere is about 9 based on the TEM images. SEM observa-
tion shown in Figure 3b further confirms the spherical structure
in shape for CS-QD hybrid nanospheres, and the size is
consistent with that in TEM observation. These results suggest
that the QDs encapsulation method based on the nonsolvent
aided counterion complexation between cationic CS and anionic
EDTA and 3-MPA-coated CdSe/ZnS QDs works well.
Fluorescence Properties of CS-QD Hybrid Nanospheres.

In contrast to aggregation and the photoinstability of the water-
soluble QDs, which are two major barriers for QDs used as
biological probes,6,25 QDs inside chitosan nanospheres exhibit
significant photoluminescence stability, because of the effective
protection of QDs with thick polymer matrices. Figure 4a
presents the UV absorption and photoluminescence spectra
from water-solution QDs and CS-QD hybrid nanospheres, as
well as photoluminescence spectra of empty CS nanospheres. It
has been observed that after chitosan matrix encapsulation, the
CS-QD hybrid nanospheres retain the similar shape and same
peak position as the unencapsulated QDs except of the peaks
caused by the scattering of chitosan nanospheres. Therefore, the
optical properties of the QDs are unchanged after encapsulated.
In addition, the peak position of the CS-QD hybrid nanospheres
is the same as the empty chitosan nanospheres in the wavelengths
less than 580 nm. Figure 4b shows the effect of medium pH for
the CS-QD hybrid nanospheres on the fluorescence spectra. It
can be seen that the fluorescence intensity of CS-QD hybrid
nanospheres becomes stronger and stronger when medium pH

Figure 2. (a) Mean hydrodynamic diameters of CS-QD hybrid nano-
spheres prepared with different quantity of QDs added, and (b) molar
ratios of CS to EDTA.

Figure 3. (a) TEM image of CS-QD hybrid nanospheres. (b) SEM
image of CS-QD hybrid nanospheres.
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increases from 4 to 6, and reaches maximum at pH 6, which is
well-suited for the detection of tumors because the tumor
microenvironment is weakly acidic. Continuously increasing
pH, the fluorescence intensity of CS-QD hybrid nanospheres
turnovers to decrease and becomes quite weak at medium pH 11.
It has been demonstrated in suitable acidic range that the shell of
Zn2þ-MPA complexes on the CdSe/ZnS core would be pro-
duced, which tightly covers the surface of CdSe/ZnS QDs and
removes the surface trap sites of QDs.29,30 In addition, the
fluorescence intensity of QDs will decreases with increasing
the surface trap sites of the QDs. Thus, at pH = 6, the stronger
fluorescence signal of CS-QD hybrid nanospheres is probably
due to the overlay of Zn2þ-MPA complexes, which decreases
the surface trap sites of CdSe/ZnS QDs. In other words, when
pH is below 4 or beyond 7.4, the dissociation of Zn2þ-MPA
complexes led to the increase in the surface trap sites of QDs and
the sharp decrease in fluorescence intensity of QDs. Moreover,
the emission peak position of CS-QD hybrid nanospheres had a
slight blue shift within 6 nm when medium pH decreases from
11.1 to 3.
Figure 4c displays the fluorescence photograph of CS-QD

hybrid nanospheres. The bright photoluminescence was clearly
observed under UV irradiation. Also, the fluorescence of hybrid
nanospheres dispersed in PBS (pH 7.4) could be retained over a

Figure 4. (a) UV-vis absorption and PL spectra of 3-MPA-coateded QDs (dark cyan) and CS-QD hybrid nanospheres (red), and fluorescence
emission spectrum of empty CS nanospheres (blue), λex = 480 nm. (b) Fluorescence emission spectra of CS-QD hybrid nanospheres dispersed in
aqueous solution at different pH values, λex = 480 nm. (c) Photographs of CS-QD hybrid nanospheres in aqueous solution with pH = 7.4 under daylight
(left) and UV light irradiation (right). (d) PL spectra of the CS-QD hybrid nanospheres in aqueous solution at physiological pH (7.4) over a week at
room temperature. (e) PL spectra of 3-MPA-coated QDs in aqueous solution at physiological pH (7.4) over a week at room temperature.

Figure 5. Viability of HeLa cells incubated with as-prepared empty
chitosan nanospheres (CS NS) and CS-QD hybrid nanospheres (CS-
QDs NS) at different concentrations.
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period of a week at room temperature, while the fluorescence of
3-MPA-coated QDs drops rapidly in aqueous medium, as show
in Figure 4d,e. Apparently, that protection provided by the
chitosan matrices is sufficient enough to prevent any photo-
bleaching to QDs. In addition, the CS-QD hybrid nanospheres
are stable in cell culture medium for several weeks (see Figure S2
in the Supporting Information). Therefore, we can consider the
hybrid nanospheres used as optical bioimaging agents and drug
carriers.
Cytotoxicity and Cell Internalization of Hybrid Nano-

spheres. It is well-known that the nature of QDs toxicity has
greatly limited their practical use in biomedical areas.31 Thus, we
design to circumvent the biocompatibility problem by encapsu-
lating QDs using a biocompatible biopolymer nanosphere with-
out sacrificing the optical of QDs. To evaluate biocompatibility
and cytotoxicity of the hybrid nanospheres, we conducted in vitro
cytotoxicity tests against cervical cancer cell line HeLa. Figure 5
shows cell viability data obtained from empty CS nanospheres
and CS-QD hybrid nanospheres at different concentrations. No
cytotoxicity is observed in the cases of either empty CS nano-
spheres or CS-QD hybrid nanospheres in tested concentration
range, suggesting the CS-QD hybrid nanospheres have good
biocompatibility.
Compared with other surface modified QDs,7,10,12-17 the CS-

QD hybrid nanospheres have an obvious advantage in photo-
luminescence of each hybrid nanosphere because multiple QDs
(average 9 QDs) were encapsulated in one single nanosphere
and did not aggregate due to the protection from a relatively
larger polymer matrix. Therefore, the CS-QD hybrid nano-
spheres may be used as an excellent probe for real-time optical

cell imaging, which could be very desirable for cancer diagnosis
and treatment. Here, by taking advantage of the inherited optical
characteristics from the encapsulated QDs, the cell internaliza-
tion and intracellular distribution of the CS-QD hybrid nano-
spheres were evaluated by confocal laser scanning microscopy
(CLSM). The QDs encapsulated in the CS-QD hybrid nano-
spheres should not affect the structure of CS nanospheres, and
hence we can believe that the fate of the hybrid nanospheres is
determined by CS nanospheres. Figure 6a-c shows fluorescent,
bright-field, and overlay images of HeLa cells incubated with CS-
QD hybrid nanospheres for 4 h. From the bright-field images of
HeLa cells, one can see that the cells incubated with CS-QD
hybrid nanospheres are still well-attached to the glass slide and
maintain their normal morphology, which corroborates our
conclusion about the good biocompatibility of CS-QD hybrid
nanospheres. In the fluorescent image, the hybrid nanospheres
illuminate the almost entire cell, rendering the hybrid nano-
spheres suitable as cell-labelingmarkers. It is also found that most
of bright spots occupy the cytoplasm of the cells and the
fluorescent signals are not evenly or randomly distributed in
cells. These results together along the punctuate fluorescence
patterns exhibited in the cells indicate that the cell internalization
of CS-QDs hybrid nanospheres follows an endocytosis uptake
mechanism.32 To exclude the possibility of the nonspecific
adsorption of hybrid nanospheres on the cell surface, we washed
the cells extensively with PBS buffer at 4 and 37 �C after
incubation, and LSCM observation was then acquired. From
the optical section images from the top to bottom of HeLa cells
incubated with CS-QD hybrid nanospheres (Figure 6d-i), we
can see that almost no fluorescent signal occurs on the top and

Figure 6. (a) Bright-field, (b) confocal fluorescent, and (c) overlay images of HeLa cells labeled with CS-QD hybrid nanospheres. (d-i) The cut-
sections of HeLa cells in image a from top to bottom.
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bottom sections of the cell, especially in the lower left of picture,
and strong fluorescent signals come from the middle sections of
the cells. These results indicate that fluorescent signals observed
come from the hybrid nanospheres which are mainly distributed
in the cytoplasm and not those adsorbed at the surface of
the cells.
The results from the cell internalization examination in

vitro drive us to investigate in vivo tumor imaging of CS-QD
hybrid nanospheres in tumor-bearing mice. Time-dependent
in vivo fluorescence imaging of CS-QD hybrid nanospheres in
tumor-bearing mice was examined by intratumoral (i.t.) and
intravenous (i.v.) administration of CS-QDs hybrid nanospheres,

respectively. Figure 7a displays the in vivo fluorescence imaging
of H22 tumor-bearing mice as a time function after intratumoral
injection of CS-QD hybrid nanospheres. It can be seen that,
within 1 h of postinjection, a strong fluorescence signal is
observed in the tumor region and the solid H22 tumor can be
clearly distinguished from the surrounding normal tissues. Dur-
ing the next 23 h, a steady decrease in the fluorescence intensity
at tumor site can be detected. The fluorescence intensity of total
photon counts in the tumor as a postinjection time function were
calculated, as depicted in Figure 7b. It is apparent that a relatively
high concentration of CS-QD hybrid nanospheres in the tumor is
maintained within about 2 h postinjection, and then a dramatic
decay at tumor site is observed. Nevertheless, the fluorescent
signal from the hybrid nanospheres at tumor site can be still
identified and is stronger than the autofluorescence of tumor
tissue at 24 h postinjection, suggesting that clearance of the
hybrid nanospheres at tumor site is not fast and the hybrid
spheres can retain in tumor for a long time.
In addition to i.t. administration, we have also carried out

bioimaging in the tumor-bearing mice treated by a tail veil
injection. It was found that no fluorescent signal was detected
in tumor-bearing mice, as shown in Figure 7c. We assumed that
this was due to the limited fluorescence penetrability of QDs in
deep tissues. To confirm this assumption, the tumor was
harvested for isolated imaging at 24 h post i.v. administration.
As can be seen in Figure 7d, the characteristic fluorescent signal
of CS-QD hybrid nanospheres was observed from H22 tumor
dissected, indicating that the hybrid nanospheres accumulated
preferentially at tumor sites through an enhanced permeability
and retention (EPR) effect. According to our previous study,1,3

empty CS nanospheres could be used as anticancer drug delivery
system. It can be believed that CS-QD hybrid nanospheres will
be valuable in tumor diagnosis and therapy.
Thus, it is demonstrated that CS-QD hybrid nanospheres can

be used for imaging of tumors in tumor-bearing mice. It should
also be noted that rapid clearance by the lymphatic drainage
system is still the main obstacle for widespread clinical use of
nanoparticles in vivo.33,34 The clearance rate from the tumor is
highly dependent on the nanoparticle size and surface charge as
reported by Nomura et al.27 They pointed out that about 70-
90% of injected particles remained in tumor after 2 h intratumor-
al injection for the positively charged particle with the average
particle size between 100 to 200 nm. This is good in line with our
optical imaging result following i.t. administration. Therefore,
CS-QD hybrid nanospheres offer an alternative way to label
cancer cells, monitor their cellular internalization patterns,
imaging solid tumor locally in the tumor-bearing mice. On the
other hand, the tumor accumulation of the hybrid nanospheres
was observed via passive targeting at 24 h after i.v. injection.
Although the hybrid nanospheres given i.v. do not show fluor-
escent signal in living imaging as that given i.t. because of the
limited fluorescence penetrability of QDs in deep tissues, it is
believed that intravenous injection of CS-QD hybrid nano-
spheres should light up tumor when fluorescence emission of
QDs is tuned to near-infrared region. Thus, the CS-QD hybrid
nanospheres reported here may be used as a potential prototype
system for the realization of cancer diagnosis and therapy.

’CONCLUSION

In summary, the CS-QDhybrid nanospheres were successfully
prepared by a facile non-solvent-aided counterion complexation

Figure 7. (a) In vivo fluorescence imaging of tumor-bearing mice after
intratumoral injection of CS-QD hybrid nanospheres. All images were
acquired under the same experiment conditions. The unmixed QD
signal is coded in color. (b) The fluorescence intensity for the region-of-
tumor was recorded as total photon counts per tumor corresponding to
the fluorescence images in part a. (c) Fluorescence imaging of H22

tumor-bearing mice 24 h after i.v. injection of CS-QD hybrid nano-
spheres. Right is the fluorescence imaging of dissected tumor from the
mouse in the left.



1002 dx.doi.org/10.1021/am100982p |ACS Appl. Mater. Interfaces 2011, 3, 995–1002

ACS Applied Materials & Interfaces RESEARCH ARTICLE

method, and the synthesized CS-QD hybrid nanospheres have
desired particle size and QD loading level by varying the ratio
among CS, EDTA, and QDs. The obtained hybrid nanospheres
were found to have good fluorescent and colloidal stability in
physiological environment. Meanwhile, the hybrid nanospheres
show remarkable nontoxicity, which makes them suitable well for
biomedical application. In vitro cell imaging demonstrated the
feasibility of the hybrid nanospheres acting as a labeling agent in
cancer-cell imaging. Furthermore, CS-QD hybrid nanospheres
can be used for imaging of tumor in tumor-bearing mice via
intratumoral administration, which results in a type of hybrid
nanosphere that can execute solid tumor cells imaging and
cytotoxic agent delivery locally at the tumor site at the same
time. In addition, these CS-QD hybrid nanospheres have abun-
dant functional groups on their surface, which can be used for
further modification so as to prepare targeting imaging and drug-
delivery systems. Thus, the CS-QD hybrid nanospheres will have
huge potential for diagnostics and therapeutics of local or
regional solid tumors.
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