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Abstract 

The phenylboronic acid-conjugated chitosan nanoparticles were prepared by particle surface 
modification. The size, zeta potential and morphology of the nanoparticles were characterized by 
dynamic light scattering, zeta potential measurement and transmission electron microscopy. The 
cellular uptake, tumor penetration, biodistribution and antitumor activity of the nanoparticles 
were evaluated by using monolayer cell model, 3-D multicellular spheroid model and H22 
tumor-bearing mice. The incorporation of phenylboronic acid group into chitosan nanoparticles 
impart a surface charge-reversible characteristic to the nanoparticles. In vitro evaluation using 2-D 
and 3-D cell models showed that phenylboronic acid-decorated nanoparticles were more easily 
internalized by tumor cells compared to non-decorated chitosan nanoparticles, and could deliver 
more drug into tumor cells due to the active targeting effect of boronic acid group. Furthermore, 
the phenylboronic acid-decorated nanoparticles displayed a deeper penetration and persistent 
accumulation in the multicellular spheroids, resulting in better inhibition growth to multicellular 
spheroids than non-decorated nanoparticles. Tumor penetration, drug distribution and near 
infrared fluorescence imaging revealed that phenylboronic acid-decorated nanoparticles could 
penetrate deeper and accumulate more in tumor area than non-decorated ones. In vivo antitumor 
examination demonstrated that the phenylboronic acid-decorated nanoparticles have superior 
efficacy in restricting tumor growth and prolonging the survival time of tumor-bearing mice than 
free drug and drug-loaded chitosan nanoparticles. 
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Introduction 
In recent years, many kinds of nanocarriers 

made from natural or synthetic polymers have been 
used to change the pharmacokinetic profile of loaded 
anticancer drugs, improve drug’s chemotherapeutic 
efficacy and reduce adverse effects, based on the 
enhanced permeation and retention (EPR) effect [1-5]. 
Compared to many other natural polymers, chitosan 
(CS) is a positively charged biopolymer and has a 
primary driving force for the cellular binding and 
uptake as well as subsequent endosomal escape [6, 7]. 
However, the exorbitant charge of CS is concomitant 
with the formation of aggregates via adsorbed plasma 
proteins and erythrocytes, reducing the CS 

nanocarriers’ circulation time [8-10]. Moreover, the 
penetration of CS-based nanoparticles in solid tumor 
was significantly restricted due to the strong 
interactions between the positively charged CS and 
the excessively generated extracellular matrix (ECM) 
in tumor site [11, 12]. 

On the other hand, many types of active 
tumor-targeted ligands such as RGD peptide, folic 
acid and transferrin have been decorated at the 
nanoparticle’s surface to enhance the drug 
accumulation in tumor areas [13-17]. Although the 
complicated tumor microenvironment and surface 
properties of nanocarriers compromise ligand’s 
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capabilities, the nanoparticle targeting toward tumor 
site is still improved significantly [18-20]. Thus, the 
development of active tumor-targeted drug delivery 
systems are highly important. It has been shown that 
sialic acid groups are over-expressed on the surface of 
most malignant carcinoma cells [21], providing a 
potential target site by a boronic acid group, which is 
liable to react with the sialic acid residues to form 
annular boronate ester [22, 23]. Recently, it has been 
demonstrated that phenylboronic acid-rich 
nanoparticles can remarkably enhance the tumor 
targeting delivery of antitumor agents [24-26]. 

As an in vitro tumor-mimic model, 3-D cell 
culture systems such as multicellular spheroids (MCS) 
are often used to examine intratumoral drug delivery 
since the cells in 3-D culture models are more closely 
similar those in vivo situation, including gradient 
microenvironments such as oxygen, acidity, and 
glucose [27, 28]. It was found that 3-D culture cell 
models can produce compact extracellular matrix 
(ECM), which is a dominant barrier to nanoparticle 
penetration in tumor tissues [29]. Furthermore, large 
MCS are composed of three different regions with 
heterogeneous cells [30]. Thus, MCS offer an 
appropriate model to optimize nanoparticulate drug 
delivery systems. 

In present work, the 4-carboxyphenylboronic 
acid (CPBA) was used to modify the surface of 
chitosan nanoparticles (CS NPs), to give 
phenylboronic acid-decorated nanoparticles (PBA-CS 
NPs). The incorporation of negatively charged 
phenylboronic acid group onto the surface of 
positively charged CS nanoparticles will impart CS 
nanoparticles a zwitterionic surface and reduce their 
surface potential. More importantly, phenylboronic 
acid decoration can enhance the targeting ability of 
nanoparticles to cancer cells and prolong the retention 
time in tumor sites due to the interaction between 
over-expressed sialic acid residues in cancer cells and 
phenylboronic acid groups. With loading doxorubicin 
(DOX) into the nanoparticles, the spatiotemporal 
distributions and antitumor effects of CS NPs with 
and without phenylboronic acid decoration were 
evaluated in 2-D culture monolayer cells, 3-D culture 
multicellular spheroids and H22 tumor-bearing mice. 

Materials and Methods 
Materials 

 Low molecular weight chitosan (Mn = 5000) and 
Doxorubicin hydrochloride (DOX) were obtained 
from Meilun Biotechnology Company (Dalian, 
China). Glutaric dialdehyde solution (25%), 
Fluorescein isothiocyanate (FITC), NIR-797- 
isothiocyanate and poly(2-hydroxyethyl methacry-
late) (polyHEMA) were purchased from Sigma 

Chemical Co.. 1-(3-Dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC×HCl), 4-carboxy-
phenylboronic acid (CPBA), Ethylene diamine 
tetraacetic acid, N-hydroxysuccinimide (NHS) and 
1-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl-formazan 
(MTT) were obtained from J&K. Human 
neuroblastom cancer cell line (SH-SY5Y), murine 
hepatic cancer cell line (H22) and human liver 
carcinoma cell line (HepG2) were obtained from 
KeyGEN BioTECH (Nanjing, China). Male ICR mice 
(18-22 g) were obtained from Nanjing University of 
Chinese Medicine (Nanjing, China). 

Preparation of Pure Chitosan Nanoparticles 
The pure chitosan nanoparticles (CS NPs) were 

prepared based on our group’s previous work: 30 mg 
chitosan and 5 mg EDTA was added into 3 mL of 
water under stirring [31, 32]. After then, 6 mL of 
ethanol was added to give a cloudy solution, 
indicating the formation of nanoparticles. To this 
solution, 30 μL of glutaraldehyde (25%) was added as 
a crosslinker by the reaction between aldehyde 
groups and amino groups of nanoparticles. After 
cross-linking, the nanoparticles were centrifuged at 1
× 104 rpm for 20 min and the sediment was 
re-dispersed in 3 mL of distilled water to give the pure 
CS NPs. 

Conjugation of 4-Carboxyphenylboronic Acid 
and CS NPs 

A solution of 4-carboxyphenylboronic acid (11.2 
mg) in 1 mL of anhydrous DMSO was reacted with 
EDC×HCl (15.5 mg) and NHS (9.3 mg) for 30 min, and 
then added into 5 mL of CS NPs solution and stirred 
at 37 oC for 24 h. Finally, the phenylboronic 
acid-decorated CS NPs (PBA-CS NPs) were obtained 
by dialysis against distilled water for 48 h to remove 
un-reacted 4-carboxyphenylboronic acid. The 
modification ratio of 4-CPBA was measured using 
ninhydrin reaction. 1 mL of CS NPs or 1 mL of 
PBA-CS NPs was mixed with 1mL of 1% ninhydrin 
solution and 1 mL of sodium acetate buffer solution 
(pH 6.0). The mixture was heated at 100 oC for 20 min 
to accelerate the reaction between ninhydrin and 
amino groups of CS NPs or PBA-CS NPs. The mixture 
was then diluted 3-fold with 60% ethanol solution and 
the absorbance was measured at 570 nm by a 
microplate system (Molecule Devices, USA). 

Preparation of Drug-Loaded Nanoparticles 
The drug-loaded CS NPs and PBA-CS NPs were 

prepared as follows: Firstly, a certain amount of DOX 
was dissolved in 3 mL of CS NPs and PAB-CS NPs 
solutions, respectively, and the mixture was stirred 
overnight in the dark. Next, the mixed solution was 
centrifuged at 1×104 rpm for 15 min to remove those 
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un-loaded drug and the precipitate was re-dispersed 
in the distilled water. The DOX-loaded CS NPs were 
designed into CS-DOX NPs and DOX-loaded PBA-CS 
nanoparticles were named as PBA-CS-DOX NPs. The 
concentration of un-loaded DOX was measured by 
UV–Vis spectrophotometer at 481 nm. The sediment 
was dried and weighted. The drug loading content 
(DLC) and the drug loading efficiency (DLE) were 
calculated as follows: 

DLC (%) = (Weight of drug in NPs)/(Weight of the 
NPs)×100% 

DLE (%) = (Weight of drug in NPs)/(Weight of the 
feeding drug)×100% 

In Vitro Drug Release 
The DOX release profiles of CS-DOX NPs and 

PBA-CS-DOX NPs were evaluated in phosphate 
buffer solution (PBS) at different pH values (5.5, 6.5 
and 7.4, respectively). 1.0 mL of CS-DOX NPs and 
PBA-CS-DOX NPs suspension was transferred into a 
dialysis tube (MWCO 14 kDa) and immersed into PBS 
(5 mL). The release system was continuously shaken 
(100 rpm) at 37 oC. At desired time intervals, all 
release solution was taken out for content 
measurement and replenished with 5 mL of fresh PBS. 
The amount of released DOX was measured by a 
microplate system (Molecule Devices, USA) at an 
excitation wavelength of 480 nm and an emission 
wavelength of 590 nm. 

Characterization of Prepared Nanoparticles 
Hydrodynamic diameter of these nanoparticles 

were studied by dynamic light scattering (DLS, 
BI9000AT, Brookheaven Instruments Inc., USA). 
Nanoparticles were adjusted to a proper 
concentration and measurements were triplicated. 
The zeta potential of these nanoparticles was 
measured with Zetaplus (Brookhaven Instruments 
Corporation, USA). All analyses were repeated three 
times and the results were the average of three runs. 
The morphology of the prepared nanoparticles was 
investigated by transmission electron microscopy 
(TEM) (JEOL TEM-100, Japan). A drop of nanoparticle 
solution was placed onto copper grill and air-dried for 
10 min at room temperature. 

Preparation of FITC-Conjugated CS NPs and 
PBA-CS NPs 

Briefly, 0.5 mg FITC was dissolved in 0.5 mL of 
anhydrous DMSO. FITC solution (0.1 mL) was added 
into 1 mL of nanoparticle solution and stirred 
overnight. After that, the mixture was centrifuged at 1
× 104 rpm for 10 min. The precipitate was 
re-dispersed in the distilled water. 

Co-localization of FITC-Labeled Nanoparticles 
with SH-SY5Y Cells 

SH-SY5Y cells were inoculated into a cell culture 
plate (1×105 cells/well) and cultured with RPMI 1640 
medium for 24 h. SH-SY5Y cells were then co-cultured 
with 100 nM Lyso-Tracker Red for 0.5 h at 37 °C. After 
that, 100 μL of FITC-label CS NPs and PBA-CS NPs 
were added into the well, respectively, and incubated 
with the cells for another 4 h at 37 oC. The cells were 
then washed with PBS and fixed with 
paraformaldehyde (4%) before observed by LSM 710 
(Zeiss, Germany). 

In Vitro Cellular Uptake 
SH-SY5Y cells (human neuroblastoma cell line) 

were cultured in RPMI 1640, supplemented with 10% 
FBS, 1% penicillin (100 U/mL) and streptomycin (0.1 
mg/mL). SH-SY5Y cells were co-cultured with free 
DOX (4 μg/mL), CS-DOX NPs (4 μg/mL eq.) and 
PBA-CS-DOX NPs (4 μg/mL eq.) for 4 h at 37 oC. The 
cells were then washed twice with PBS, fixed with 4% 
paraformaldehyde and stained with Hoechst 33258 
before confocal laser scanning microscope observing 
(FluoView TM FV1000, Olympus). Cellular uptake of 
H22 cells and HepG2 cells were also evaluated as the 
same method. 

Time-Dependent Uptake Amount of 
DOX-Loaded Nanoparticles 

SH-SY5Y cells were inoculated into a 6-well cell 
culture plate and co-incubate with free DOX (4 
μg/mL), CS-DOX NPs (4 μg/mL eq.) and 
PBA-CS-DOX NPs (4 μg/mL eq.) for 4 h, respectively. 
Cells were then washed twice with PBS and collected, 
the fluorescence intensity of DOX in each sample was 
measured by flow cytometry. The quantitative 
analysis of H22 cells and HepG2 cells were also 
evaluated as the same method.  

Cytotoxicity Assay 
SH-SY5Y cells seeded in 96-well plates (5×103 

cells/well) were treated with a series of concentration 
of empty CS NPs, empty PBA-CS NPs, free DOX, 
CS-DOX NPs and PBA-CS-DOX NPs for 48 h, 
respectively. After then, 20 μL of MTT solution (5 
mg/mL in PBS solution) was added to each well and 
incubated for another 4 h. After that, the culture 
medium was removed and 150 μL of dimethyl 
sulfoxide was added to dissolve crystals formed by 
living cells. The absorbance of each well was 
measured at 490 nm by a microplate reader. The 
cytotoxicity of H22 cells and HepG2 cells were also 
evaluated as the same method. 

Culture of SH-SY5Y MCS 
3-D MCS were prepared based on our previous 
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work [27, 28]. 5 mL of polyHEMA solution (15 
mg/mL) was added in cell culture flasks and air-dried 
for 24 h to give a thin layer of polyHEMA hydrogel. 
The polyHEMA coated cell culture flasks were 
sterilized by a UV lamp for 4 h before cell culture. 
4×105 cells in 4 mL of cell culture medium were added 
in a polyHEMA coated culture flask and cultured at 
37 oC for a week. The RPMI 1640 medium was 
replaced every day. After a week, 3-D MCS with a 
diameter around 250-350 μm will be formed 
spontaneously. 

Penetration and Accumulation in MCS 
The penetration and accumulation of free DOX, 

FITC-labeled CS-DOX NPs and PBA-CS-DOX NPs 
within MCS were determined by CLSM. For each 
experiment, ~20 spheroids with the diameter of about 
300 μm were collected and co-cultured with 
appropriate concentrations of free DOX, FITC-labeled 
CS-DOX NPs and PBA-CS-DOX NPs at 37 oC. At 
different time (1 h, 2 h, 4h, 8 h and 12 h), the MCS 
were collected and washed with PBS solution for 
three times before investigating with LSM 710. After 
the end of the observation, each sample was 
re-dispersed in fresh culture medium and allowed for 
another 24 h incubation. The MCS were then observed 
under CLSM again to investigate the changes of the 
fluorescence intensity of DOX. The semi-quantitative 
analysis of mean DOX and FITC intensity in each 
MCS was calculated using ZEN 2008 program. All 
pixels’ fluorescence intensity were calculated and 
normalized by the area. 

Growth Suppression in MCS 
The inhibition effect of free DOX, CS NPs, 

PBA-CS NPs, CS-DOX NPs and PBA-CS-DOX NPs to 
MCS were then measured. The MCS with a diameter 
of 250 μm were divided into 6 groups (6 MCS/group) 
and co-cultured with free DOX (8 μg/mL), CS NPs, 
PBA-CS NPs, CS-DOX NPs (8 μg/mL eq.) and 
PBA-CS-DOX NPs (8 μg/mL eq.), respectively, at 37 
oC for 7 days. The MCS were observed under an 
optical microscope with a 10× objective every day and 
the MCS’ diameter was measured. 

Real-Time NIRF Imaging 
NIR 797-labeled nanoparticles were prepared as 

follows: Firstly, 0.5 mg of NIR-797-isothiocyanate was 
dissolved in 0.5 mL of DMSO and added to 3 mL of 
CS NPs and PBA-CS NPs solution, respectively. Next, 
the mixture was stirred for 10 h at 37 oC in the dark. 
After that, the solution was centrifuged at 1×104 rpm 
for 15 min and the precipitate was re-dispersed in 3 
mL of distilled water to give NIR-797-labeled 
nanoparticles. All these in vivo experiments were 
proceeded under the guidelines set by the Animal 

Care Committee at Drum Tower Hospital. Each 
mouse was injected with 5×105 murine H22 cells in 0.1 
mL saline at the left limb armpits of mice. To the H22 
tumor-bearing mice, NIR-797 labeled CS NPs and 
PBA-CS NPs were injected via tail vein, respectively, 
and the NIRF images were obtained by a MaestroTM 
in vivo imaging system (CRi, USA) at different times. 
The mice were sacrificed at the end of observation 
(120 h after injection), major organs (tumor, heart, 
spleen, liver, kidneys, lungs, intestine, brain, and 
stomach) were quickly excised and imaged to 
investigate the tissue accumulation of nanoparticles. 

Penetration in Tumor Tissues 
The H22 tumor-bearing mice were injected with 

FITC-labeled CS NPs and PBA-CS NPs while the 
subcutaneously transplanted tumor volume reached 
an average size of about 200 mm3. These mice were 
sacrificed after 24 h injected and tumors were quickly 
excised. Tumors were washed with PBS (7.4) for three 
times and immersed in paraformaldehyde (4%) 
solution for 6 h at 4 oC. Afterwards, tumors were 
co-incubated with sucrose solution (25%) for 
overnight and frozen in O.C.T. embedding medium at 
-80 oC for 20 min. Tumors were then cut into 6 μm 
sections for further use. The sections were rehydrated 
in Triton X-100 solution (0.1% in PBS) for 15 min and 
incubated with BSA (3% in PBS) solution for 60 min at 
37 ◦C. After then the sections were incubated with a 
primary monoclonal antibody (1:400, rat monoclonal 
anti-mouse CD31, BD Pharmingen, San Jose, 
California) for 60 min in a humidified chamber at 37 
◦C. Next, the sections were washed with tween 20 
(0.05% in PBS v/v) for 5 min and then counterstained 
with an Alexa 594 conjugated donkey anti-rat 
secondary antibody (1:1000, Molecular Probes, 
Eugene, OR) and an Alex 488 conjugated streptavidin 
(1:1000; Invitrogen, Camarillo, CA) in a humidified 
chamber at 37 ◦C in the dark for 0.5 h. At last, the 
tumor sections were washed with PBS (7.4) for three 
times and stained with DAPI. The sections were then 
observed with a LSM 710. 

In Vivo Biodistribution 
When the subcutaneously transplanted tumor 

reached an average size of about 200 mm3, the mice 
were then randomly divided into 13 groups (3 
mice/group). CS-DOX NPs and PBA-CS-DOX NPs 
were intravenous injected into H22 tumor-bearing 
mice at an equivalent DOX dose of 4 mg/kg. The mice 
were sacrificed on the predetermined times, and 
major organs (spleen, heart, kidney, liver, lung and 
tumor) were excised and weighed. Each tissue was 
then immersed in 5 mL of extract liquor (70% ethanol 
with 0.3 N HCl) and drastically homogenized for 3 
min. The mixture was centrifuged at 1×104 rpm for 5 
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min, the supernatant was collected and the DOX 
concentration was measured using a fluorescence 
spectrometer. 

In Vivo Antitumor Effect 
When the subcutaneously transplanted tumor 

reached an average size of about 70-80 mm3, the mice 
were then divided into 6 groups (10 mice/group), free 
DOX (6 mg/kg), CS-DOX NPs (6 mg/kg eq.), 
PBA-CS-DOX NPs (6 mg/kg eq.) and empty 
nanoparticles were intravenous injected into the mice, 
respectively, and this day was set as “day 1”. All the 
mice were received single injection. Saline injected 
mice were set as a control group. At day 7 
post-injection, mice were sacrificed and the tumor 
mass was collected, imaged and weighed. The tumor 
size was measured using a slide caliper every day and 
the volume (V) was calculated as follows: 

V = d2×D/2, 

D: the longest size of the tumor in mm; d: the shortest 
size of the tumor in mm. 

Statistical Analysis 
Student’s t-test was employed to determine the 

difference of tumor inhibition between the mice 
administrated with the DOX, CS-DOX NPs and 
PBA-CS-DOX NPs, and P values less than 0.05 were 
considered statistically significant. 

Results and Discussion 
Preparation of CS NPs and PBA-CS NPs and 
Drug Loading 

CS NPs were prepared by the self-assembly of 
CS and EDTA under nonsolvent (ethanol)-aided 
counterion complexation [31, 32]. The nanoparticles 
were then cross-linked by glutaraldehyde solution 
(25%), and then EDTA was eliminated by means of 
dialysis against distilled water, to give the pure CS 
NPs. After that, 4-carboxyphenylboronic acid (CPBA) 
was reacted with the amino groups in chitosan chains 
to give boronic acid-decorated nanoparticles (PBA-CS 
NPs), as shown in Figure 1a. To examine the CPBA 
decoration, the 1H NMR spectra of CPBA, CS NPs and 
PBA-CS NPs in d6 DMSO were measured, and show 
in Figure S1. Two peaks at 7.8 and 8.2 ppm (b) 
assigned to the protons of benzene ring were 
observed in the 1H NMR spectrum of CPBA and 
PBA-CS NPs while the single peak at 13 ppm (a) 
assigned to the protons of carboxyl group was 
observed in CPBA’s spectrum but disappeared in 
PBA-CS NPs’ spectrum, confirming that the CPBA 
was successfully decorated on the surface of CS NPs. 
The degree of modification with 4-CPBA is calculated 

to be 32.3% by comparing the amino group content of 
CS NPs and PBA-CS NPs using ninhydrin reaction 
method (Figure S2). 

Then the anticancer drug, DOX was loaded into 
CS NPs and PBA-CS NPs at two different pH values 
(7.4 and 8.5), affording CS-DOX NPs and 
PBA-CS-DOX NPs. The drug loading efficiency (DLE) 
and loading content (DLC) of CS NPs and PBA-CS 
NPs at different pH values were investigated. As 
shown in Table S1, when pH changed from 7.4 to 8.5, 
the drug loading content in PBA-CS NPs increased 
from 7.3% to 13.7%. In addition, the DLC and DLE of 
PBA-CS NPs are much higher than those of CS NPs at 
both pH values. This result suggests that there is an 
electrostatic interaction between DOX and PBA-CS 
NPs at high pH value, which is in favor of DOX 
loading in PBA-CS NPs. 

Particle size was measured by DLS and shown in 
Figure 1b. The hydrodynamic size of CS NPs, PBA-CS 
NPs, CS-DOX NPs and PBA-CS-DOX NPs was 111.4 
nm, 118.2 nm, 179.4 nm and 192.5 nm, respectively. It 
was also found that both particles exhibited different 
surface charges in the aqueous solution with different 
pH values (Figure 1c). The zeta potential of CS NPs 
decreased from 30.7 mV to 7.71 mV as pH value 
increased from 4.5 to 8.5. The positive charge of CS 
NPs at low pH value indicates that most amino 
groups on the surface of CS NPs are protonated. In 
contrast, the zeta potential of PBA-CS NPs was 
changed from positive potential (27.1 mV) to negative 
(-9.55 mV) when pH raised from 4.5 to 8.5. This 
indicates that phenylboronic acid groups on the 
surface of PBA-CS NPs are deprotonated at high pH 
value. Thus, the PBA-CS NPs have a surface charge 
reversible characteristic. In neutral condition, the zeta 
potential of CS NPs and PBA-CS NPs is 12.7 mV and 
4.86 mV. The stability of CS NPs and PBA-CS NPs in 
different pH values (PBS solution, 0.01M, pH 5.5, 6.5, 
7.4 and 8.5, respectively) were measured by DLS 
(Figure S3 and S4). Both nanoparticles are stable in the 
range of pH 5.5-8.5, while only a slight increase in 
diameter of PBA-CS NPs at pH 7.4 and 8.5. 

Figure S5 show the typical TEM images of 
PBA-CS NPs and PBA-CS-DOX NPs. Obviously, both 
PBA-CS NPs and PBA-CS-DOX NPs have a spherical 
shape. The size of PBA-CS NPs and PBA-CS-DOX 
NPs is about 100 nm and 128 nm, respectively. In 
addition, the morphology of CS NPs and CS-DOX 
NPs is also spherical (the images are not shown), and 
the size of CS NPs and CS-DOX NPs is about 83.5 nm 
and 108.6 nm, respectively. These values are smaller 
than those measured by DLS, which is due to the dry 
state of samples in TEM study. 
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Figure 1. (a) Schematically showing the preparation of CS NPs, PBA-CS NPs, CS-DOX NPs and PBA-CS-DOX NPs; (b) Size distribution of CS NPs, CS-DOX NPs, 
PBA-CS NPs and PBA-CS-DOX NPs; (c) Zeta potential of CS NPs and PBA-CS NPs at different pH values; (d) and (e) DOX release profiles from CS-DOX NPs and 
PBA-CS-DOX NPs in PBS (pH 7.4, 6.5 and 5.5) at 37 oC, respectively. 

 

In Vitro Drug Release  
The DOX release profiles of CS-DOX NPs and 

PBA-CS-DOX NPs were evaluated in phosphate 
buffer solution (PBS) at different pH values (5.5, 6.5 
and 7.4, respectively), as shown in Figure 1d and e. 
For CS-DOX NPs, only 30% DOX released from the 
nanoparticles within 120 h (pH 7.4), while the release 
percent of DOX increases to 44% and 91% at pH 6.5 
and 5.5, respectively. On the other hand, the DOX 
release amount from PBA-CS-DOX NPs is 12% (pH 
7.4), 20% (pH 6.0) and 83% (pH 5.0) within 120 h. It is 
obviously that the release rate of DOX increases with 
the decrease of medium pH for both two 

nanoparticles. When pH value decreases, the 
electrostatic interaction between carriers and drug 
declines due to the protonation of amino groups in 
both chitosan and DOX. In addition, the DOX release 
rates from PBA-CS-DOX NPs are slower than that 
from CS-DOX NPs at three pH values (especially at 
pH 7.4), which is consistent with the zeta potential of 
two nanoparticles.  

Cellular Uptake 
The cellular uptake and distribution are crucial 

for nanoparticles to achieve their biological activities. 
To investigate the cellular distribution of the CS NPs 
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and PBA-CS NPs, SH-SY5Y cells were pretreatment 
with 100 nM Lyso-Tracker Red, an 
endosomal/lysosomal marker, and then co-cultured 
with FITC-labeled CS NPs and PBA-CS NPs for 4 h at 
37 oC. From Figure S6, the co-localization of endosome 
and lysosome with FITC-labeled CS NPs and PBA-CS 
NPs revealed that most of NPs were localized in 
endosomes or lysosomes, indicating that the cell 
endocytic is the most possible pathway of cellular 
uptake for these NPs. Also, it is apparent that both 
nanoparticles do not penetrate the nuclei. It seems 
that the intracellular amount of PBA-CS NPs is much 
more than non-decorated CS NPs, suggesting that the 
phenylboronic acid decorated nanoparticles are more 
easily internalized by the cells. 

To observe the intracellular DOX delivery, free 
DOX, CS-DOX NPs and PBA-CS-DOX NPs were 
co-cultured with SH-SY5Y cells, H22 cells and HepG2 
cells for 4 h, and then the cells were examined using 
CLSM (Figure 2a, b and c). After 4 h incubation, a 
weak red fluorescence arising from DOX was 
observed in cell nuclei. On the other hand, a strong 
red signal is observed in cytoplasm and nucleus for 
CS-DOX NPs and PBA-CS-DOX NPs treated cells, 
indicating that CS-DOX NPs and PBA-CS-DOX NPs 
can be rapidly internalized by tumor cells and release 
DOX in cytoplasm. The DOX fluorescence intensity 
from PBA-CS-DOX NPs is higher than that from 
CS-DOX NPs in both the cytoplasm and the nuclei. 

To provide further evidence, free DOX, CS-DOX 
NPs and PBA-CS-DOX NPs were incubated with 
SH-SY5Y cells, H22 cells and HepG2 cells for 4 h, and 
then the cellular uptake of DOX was quantitatively 
investigated by flow cytometry, as shown in Figure 
2d. Fluorescence intensity of each cell line increases in 
the following order: free DOX < CS-DOX NPs < 
PBA-CS-DOX NPs, which is consistent with the 
results of CLSM. All these cellular uptake results 
demonstrate that PBA-CS-DOX NPs are able to 
deliver more DOX into tumor cells due to the active 
targeted effect from the boronic acid groups in 
PBA-CS-DOX NPs. 

In Vitro Cytotoxicity 
The cytotoxicity of CS-DOX NPs and 

PBA-CS-DOX NPs at different concentrations against 
SH-SY5Y cells, H22 cells and HepG2 cells were 
verified by MTT assay. Figure 3a, b and c show the 
viability of cells co-cultured with all these samples for 
48 h, respectively. It can be seen that neither CS NPs 
nor PBA-CS NPs show any significantly cytotoxicity 
against SH-SY5Y cells, H22 cells and HepG2 cells even 
after 48 h incubation (all cell viabilities are larger than 
90%), suggesting that chitosan-based nanoparticles 
are biocompatible. On the other hand, 

dose-dependent cytotoxicity for free DOX, CS-DOX 
NPs and PBA-CS-DOX NPs is observed. Cell viability 
decreases as the DOX concentration increases. For 
SH-SY5Y cells, cell viability decreases to 34% after 
CS-DOX NPs treated for 48 h at the DOX 
concentration of 16 µg/mL, while this value decreases 
to 31% after PBA-CS-DOX NPs treated for 48 h at 
same DOX concentration. Figure 3b show the viability 
of H22 cells treated under same conditions. The cell 
viability decreases to 38% after CS-DOX NPs treated 
for 48 h at the DOX concentration of 16 µg/mL, while 
this value decreases to 32% after PBA-CS-DOX NPs 
treated for 48 h. For HepG2 cells, the cell viability is 
42% for CS-DOX NPs and 35% for PBA-CS-DOX NPs 
at the DOX concentration of 16 µg/mL. It is also found 
that CS-DOX NPs and PBA-CS-DOX NPs display 
lower cytotoxicity than free DOX at all tested 
concentrations, which is due to the sustained drug 
release property of nanoparticles cells. Figure 3d 
displays the calculated IC50 values of three DOX 
formulations against SH-SY5Y cells, H22 cells and 
HepG2 cells.  

Penetration and Accumulation in Multicellular 
Spheroids 

SH-SY5Y cells were used to culture the 
multicellular spheroids (MCS), which represent the 
avascular areas in tumor tissues and can be used to 
investigate the penetration and accumulation profiles 
of these two nanoparticles. MCS were co-cultured 
with free DOX, FITC-labeled CS-DOX NPs and 
FITC-labeled PBA-CS-DOX NPs for 1 h, 2 h, 4 h, 8 h 
and 12 h, respectively.  

Apparently, a time-dependent penetration and 
accumulation of these two nanoparticles were 
observed in first run, as shown in Figure 4a, c and e. 
From Figure 4a, it can be seen that the penetration of 
free DOX is obviously restricted to the outer region of 
MCS (only about 70 μm from the periphery of MCS) 
even after 12 h incubated. From Figure 4c, it is found 
that the weak FITC fluorescence from FITC-labeled 
CS-DOX NPs appears in the periphery cells of MCS 
after 12 h incubation and DOX signal ranged from the 
periphery to the middle of the MCS, indicating that 
some DOX (released from CS-DOX NPs) can 
penetrate through the spheroids. In addition, for 
PBA-CS-DOX NPs, not only a strong FITC 
fluorescence signal from nanoparticles appears in the 
periphery of MCS, but also a strong DOX fluorescence 
signal retains in almost the entire MCS (Figure 4e). 
This result indicates that PBA-CS-DOX NPs can more 
efficiently deliver a large amount of DOX into MCS, 
which is consistent with the result of monolayer 
cellular uptake. 



 Theranostics 2016, Vol. 6, Issue 9 

 
http://www.thno.org 

1385 

 
Figure 2. (a) CLSM images of SH-SY5Y cells incubated with DOX, CS-DOX NPs and PBA-CS-DOX NPs for 4 h; (b) CLSM images of H22 cells incubated with DOX, 
CS-DOX NPs and PBA-CS-DOX NPs for 4 h; (c) CLSM images of HepG2 cells incubated with DOX, CS-DOX NPs and PBA-CS-DOX NPs for 4 h; (d) Cellular 
uptake of DOX, CS-DOX NPs and PBA-CS-DOX NPs measured by flow cytometry; Scale bar = 10 μm. 

 

 
Figure 3. In vitro cytotoxicity of CS-DOX NPs and PBA-CS-DOX NPs against SH-SY5Y cells (a), H22 cells (b) and HepG2 cells (c) for 48 h; IC50 of DOX, CS-DOX 
NPs and PBA-CS-DOX NPs against SH-SY5Y, H22 and HepG2 cells (d). 
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Figure 4. CLSM images of SH-SY5Y MCS incubated with free DOX (a and b), FITC-labeled CS-DOX NPs (c and d) and FITC-labeled PBA-CS-DOX NPs (e and f), 
Scale bars = 100 μm. 

 
To further investigate the accumulation of 

drug-loaded nanoparticles in MCS, all 
DOX-internalized MCS in the first run were washed 
with PBS for three times and re-dispersed in fresh 
culture medium to incubate for another 24 h. After 
then, corresponding samples were washed with PBS 
for three times and observed by CLSM again (the 
second run). To our surprise, DOX fluorescence signal 
sharply decreases, even disappear for all free DOX 
co-cultured MCS (Figure 4b). We suppose that MCS 
can expel accumulated free DOX from outer layer 
cells to cell culture medium by the so called 
multicellular resistance (MCR). In contrast, neither 
FITC nor DOX fluorescence signal from FITC-labeled 
CS-DOX NPs and PBA-CS-DOX NPs co-cultured 
MCS has any significant reduction (Figure 4d and f). 

The semi-quantitative assessment of the average 
fluorescence intensity of each sample were done by 
the software ZEN 2008 program. The mean DOX 
fluorescence intensity in the three different regions of 
each MCS were calculated and normalized by area. As 

shown in Figure 5a, b and c, the mean intensity in the 
periphery of MCS increases as the time elapses for 
free DOX and reached its maximum at 12 h after 
incubation (the 1st run), while the mean intensities in 
the intermedium and core region of MCS were much 
lower than that of in the periphery region, indicating 
that free DOX tends to accumulate at MCS’ periphery 
relative to the core. For 2nd run (time with “*” in 
Figure 5), the mean intensities of DOX in three regions 
for all time points significantly decrease for free DOX. 
From Figure 5b and c, it can be seen that the DOX 
fluorescence intensities for both CS-DOX NPs and 
PBA-CS-DOX NPs are much stronger than that of free 
DOX in these three regions of MCS at all the treatment 
time. For example, the mean intensity in the core of 
MCS at 12 h (1st run) was 35 (free DOX), 48 (CS-DOX 
NPs) and 61 (PBA-CS-DOX NPs), respectively, 
confirming that PBA-CS-DOX NPs can penetrate 
much deeper into MCS than CS-DOX NPs and free 
DOX. In addition, there is no significantly decrease in 
mean intensity in three regions of MCS for 
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PBA-CS-DOX NPs in 2nd run, indicating that 
PBA-CS-DOX NPs can remain in MCS for a long time 
and resist drug efflux. 

Additionally, the FITC fluorescence average 
intensities of FITC-labeled CS-DOX NPs and 
PBA-CS-DOX NPs in MCS in the 1st run and 2nd run 
were also calculated (Figure 5d). It was clear that FITC 
mean intensity of PBA-CS-DOX NPs are higher than 
CS-DOX NPs at all the tested time points, further 
demonstrating that the PBA-CS NPs have excellent 
penetrate and accumulate ability in MCS. 

Growth Inhibition of MCS 
To study the cell inhibition of these drug-loaded 

nanoparticles, SH-SY5Y MCS were incubated with 
fresh culture medium, free DOX, empty PBA-CS NPs, 
CS-DOX NPs and PBA-CS-DOX NPs for 7 days. 
Figure 6a shows the representative graphics of 
SH-SY5Y MCS during the treatment. Apparently, 
MCS that incubated with cell culture medium or 
empty PBA-CS NPs do not limit the growth of MCS 
during 7 days. All the spheroids’ diameter increases 
over time and the cells become increasingly compact 

owing to the interaction between cell and ECM. For 
free DOX, the growth inhibition to MCS is effective at 
initial three days, but does not work at then. 
Otherwise, MCS that co-cultured with CS-DOX NPs 
and PBA-CS-DOX NPs give a persistent growth 
inhibition, the diameter of MCS decreases remarkably 
during the 7 days, indicating that the outer cells of 
MCS are killed due to the cytotoxic effect of DOX. 

The morphology of these MCS is observed by 
scanning electronic microscope, as shown in Figure 
6b. Apparently, MCS co-cultured with fresh medium 
and empty PBA-CS NPs have a homogeneously 
spherical shape, and the periphery cells of spheroids 
grow integrally and compactly. Furthermore, the 
surface of MCS treated with CS-DOX NPs and 
PBA-CS-DOX NPs is sharply disorganized, the 
peripheral cells become disintegrated and shrunken, 
and the MCS almost lose their 3-D structure. These 
morphologies and their size confirm again growth 
inhibition effect is in the order of PBA-CS-DOX NPs > 
CS-DOX NPs > free DOX.  

 

 
Figure 5. Area-normalized distribution of free DOX (a), CS-DOX NPs (b) and PBA-CS-DOX NPs (c) in different regions of MCS at different time in 1st and 2nd ( “*” 
represents 2nd); (d) Area-normalized distribution of FITC-labeled CS-DOX NPs and PBA-CS-DOX NPs in MCS; Data are represented as mean ± SD (n = 3). 
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Figure 6. (a) Growth inhibition assay in SH-SY5Y MCS. Representative images of MCS treated with PBA-CS NPs, free DOX, CS-DOX NPs and PBA-CS-DOX NPs. 
MCS cultured in RPMI 1640 medium as a control; Scale bar = 200 μm; (b) SEM images of MCS at Day 7. 

 
NIR Fluorescence In Vivo Imaging 

To visualize the nanoparticles’ fate in vivo, 
NIR-797-isothiocyanate was decorated on the surface 
of CS NPs and PBA-CS NPs, respectively. The 
distribution of the nanoparticles in hepatic H22 
tumor-bearing mice was monitored via the NIRF 
imaging. Figure 7a depicts the in vivo NIRF images at 
different time after intravenous injection. It can be 
seen that strong fluorescence appears in both liver 
and intestine in the initial 4 h for CS NPs and PBA-CS 
NPs treated groups, suggesting that some of the 
nanoparticles are captured by the phagocytic cells and 
the reticuloendothelial system (RES). On the other 
hand, at 1 h post-injection, the fluorescence signal 
occurs in tumor areas for both CS NPs and PBA-CS 
NPs treated groups. Moreover, the fluorescence 
intensity in the tumor region increases with time. 
Compared with CS NPs group, the fluorescence 
intensity in the tumor area of PBA-CS NPs group is 
much higher at all the tested time, suggesting that the 
decoration of phenylboronic acid on the surface of CS 
NPs can enhance the accumulation of nanoparticles in 
tumor sites.  

At the end of observation the mice were 
sacrificed and the ex vivo fluorescence intensity 

images of heart, tumor, lungs, liver, brain, spleen, 
stomach, kidneys and intestine were obtained. From 
Figure 7b and c, we can see that the tumor and liver 
show comparably strong fluorescence signal for CS 
NPs group, while the fluorescence signal in the tumor 
is much stronger than that in the liver for PBA-CS NPs 
treated mouse. Figure 7d shows the semi-quantitative 
comparison of fluorescence intensity in tumor regions 
and liver regions of CS NPs and PBA-CS NPs treated 
mice. A greater tumor accumulation for PBA-CS NPs 
treated mouse than that of CS NPs treated mouse is 
observed, indicating that phenylboronic acid 
modification increases nanoparticles’ tumor targeting 
ability. Thus, it is apparently that PBA-CS NPs can not 
only target to the tumor tissues by the passive EPR 
effect, but also accumulate more in tumor site through 
the active target action between the phenylboronic 
acid decorated nanoparticles and sialic acid 
over-expressed tumor cells. 

Penetration in Tumor Tissue 
Accumulation and penetration in tumor tissues 

are very important for CS-DOX NPs and 
PBA-CS-DOX NPs to achieve a desired therapeutic 
effect in oncotherapy. Therefore, the distribution of 
CS NPs and PBA-CS NPs in tumor tissues was 
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investigated and displayed in Figure 8, where the 
green fluorescence signals represent the location of 
FITC-labeled CS NPs and PBA-CS NPs in the tumor 
sections, while the red fluorescence signals 
correspond the position of tumor blood vessels. We 
can see that a quality of CS NPs are in tumor area at 24 
h post-injection, but most of them just gather in the 
area around of blood vessels, indicating that CS NPs 

can only passively extravasate through the leaky 
vessels. In contrast, a great number of PBA-CS NPs 
are observed in the tumor area and most of them 
penetrate much further from blood vessels. Moreover, 
they almost distribute in the whole tumor area. Thus, 
compared to CS NPs, PBA-CS NPs can accumulate 
more and penetrate further from tumor blood vessels.  

 

 
Figure 7. (a) The NIRF images of H22 tumor-bearing mice following intravenous injection of NIR-797 labeled CS NPs and PBA-CS NPs, tumor areas were 
surrounded with dotted lines; Images of various organs at 120 h post-administration. NIR-797 labeled CS NPs (b); NIR-797 labeled PBA-CS NPs (c); The average 
photon counts measured by Image J in tumor and liver region at different time points post injection (d). 

 

 
Figure 8. Penetration of FITC-labeled CS NPs and PBA-CS NPs in tumors at 24 h post-administration, Green nanoparticles and red blood vessels show in the images 
of H22 tumor sections, Scale bar = 100 μm. 
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Figure 9. Biodistribution of CS-DOX NPs (a) and PBA-CS-DOX NPs (b) in different organs of H22 tumor-bearing mice at various time points after intravenous 
injection; Data are represented as mean ± SD (n = 3). 

 

DOX Biodistribution In Vivo 
To study the biodistribution of DOX-loaded 

nanoparticles, the H22 subcutaneous tumor-bearing 
mice were administrated with CS-DOX NPs and 
PBA-CS-DOX NPs via tail vein. Figure 9a and b show 
the biodistribution results of DOX in tumor and major 
organs (heart, liver, kidney, lung, spleen and blood) at 
different time points for both formulations. For the 
CS-DOX NPs, the DOX concentration in tumor keeps 
an increase from 1 h to 24 h post-injection and reaches 
its maximum of 3.2 % injection dose per gram of 
tumor (ID/g) at 24 h post-injection. For the 
PBA-CS-DOX NPs, the drug concentration in tumor 
shows a similar increase with time after injection and 
reaches its maximum (4.1 % ID/g) at 12 h 
post-injection. Compared to CS-DOX NPs, 
PBA-CS-DOX NPs display a 1.3-fold increase in DOX 
concentration in tumor. Also, it should be noted that a 
high DOX concentration in tumor is maintained in 
detection time points. In addition, DOX accumulation 
in tumor areas is also characterized as the 
area-under-the-curve (AUC), by the measured 
concentration over time. The AUC of CS-DOX NPs 
distribution in tumor is 135% ID h/g, while the AUC 
of PBA-CS-DOX NPs is 168% ID h/g. This fact 
indicates that the phenylboronic acid-decorated 
nanoparticles can increase the DOX concentration in 
tumor tissue, which is attributed to the active 
targeting against hepatoma cells. In addition, it is 
found that the DOX concentration in heart for 
CS-DOX NPs and PBA-CS-DOX NPs is only 2.5% 
ID/g and 1.8% ID/g, respectively, which is much 
smaller than that of free DOX [27]. This fact suggests 
that nanoparticulate formulation can significantly 
decrease the cardiotoxicity of free drug. 

In Vivo Antitumor Activity 
Next the in vivo antitumor efficacy was 

investigated. The H22 tumor-bearing mice were 
injected with free DOX (6 mg/kg), CS-DOX NPs (6 

mg/kg DOX eq.) and PBA-CS-DOX NPs (6 mg/kg 
DOX eq.), respectively, at a single dose. Saline, empty 
CS NPs and empty PBA-CS NPs were used as control. 
Tumor size was monitored every day. At day 7 
post-injection, mice were sacrificed and the tumor 
mass was collected, imaged and weighed.  

Figure 10a shows the change curves of tumor 
volumes during the 7 days treatment. At the end of 
experiments (Day 7), the average tumor volume of the 
mice received saline, CS NPs and PBA-CS NPs 
reaches to 1880 mm3, 1792 mm3 and 1896 mm3, 
respectively. For free DOX and CS-DOX NPs treated 
groups, the tumor growth shows some extent degree 
of inhibition in the first 3 days, but then goes up. The 
resulting tumor volume is 1226 mm3 and 1052 mm3 at 
day 7 for free DOX and CS-DOX NPs treated groups, 
respectively. On the other hand, the average tumor 
size of PBA-CS-DOX NPs treated mice is 688 mm3 at 
the end of treatment.  

The mice were then sacrificed at day 7 
post-injection, tumor tissues were completely excised, 
weighted and imaged (Figure 10b and 10c). Figure 10b 
shows the mean weight of tumor tissues from all the 
groups. The proliferation and growth of tumors in 
saline, CS NPs and PBA-CS NPs treated mice a very 
quickly and have a much higher tumor weight (0.76 ± 
0.16 g, 0.74 ± 0.20 g, 0.79 ± 0.28 g, respectively). In 
contrast, tumor weight of CS-DOX NPs and 
PBA-CS-DOX NPs treated mice is only 0.47 ± 0.10 g 
and 0.30 ± 0.09 g, much lower than that of free DOX 
treated mice (0.60 ± 0.17 g). The tumor growth 
inhibition (TGI) is 21%, 38% and 60% for free DOX, 
CS-DOX NPs and PBA-CS-DOX NPs, respectively. 
Figure 10c shows all tumor tissues in each group, it 
can be seen that the tumor diameter and volume of 
PBA-CS-DOX NPs treated group are smaller than 
other groups. Thus, PBA-CS-DOX NPs treated mice 
have the smallest tumor volume and tumor weight. 
This may ascribe to the combined effect of passive 
targeting (EPR effect) and the active tumor targeting 
by PBA surface decoration. 
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Enhancing tumor accumulation and penetration 
of nanomedicines is a common issue in the 
development of effective drug delivery systems. 
Compared to other tumor-targeting ligands such as 
antibody, aptamer, polypeptide, phenylboronic acid 
has some advantages such as inexpensive and non- 
immunogenicity. More importantly, phenylboronic 
acid can interact with sialic acid residues 
overexpressed on many malignant carcinoma cells to 
form annular boronate ester, resulting a high 
selectivity and binding affinity. Based on our results, 
the targeting effect of phenylboronic acid toward 
solid tumor and tumor cells is significant. It facilitates 
cellular uptake of nanoparticles, especially for the 
tumor cells in which sialic acid residues are highly 
overexpressed such as HepG2 and H22 tumor cells. 
Also, phenylboronic acid can improve the drug 
retention in cells as we showed the accumulation of 
drug-loaded nanoparticles in 3-D MCS. This property 
of phenylboronic acid can decline drug to pump out 
from cells. Finally, phenylboronic acid can enhance 
drug accumulation in tumor. In our case, 30% increase 

in DOX accumulation in tumor for PBA-CS-DOX NPs 
is observed compared to that of CS-DOX NPs. These 
advantages of phenylboronic acid group are much 
useful in the design of new generation of drug 
delivery systems.  

Conclusions 
PBA-CS NPs were prepared by the surface 

reaction of 4-carboxyphenylboronic acid and chitosan 
nanoparticles. DOX was successfully loaded into 
PBA-CS NPs with drug loading content up to 13.7%. It 
was found that the decoration of CPBA on the surface 
of CS NPs significantly decreased the surface 
potential of particles and impart a surface zwitterionic 
characteristic to the nanoparticles. In vitro 2-D 
monolayer and 3-D MCS co-cultured experiments 
showed that compared to CS NPs, PBA-CS NPs were 
more easily internalized by the cells and could deliver 
larger amount of DOX into the cells due to the active 
targeting effect of boronic acid group. Furthermore, 
PBA-CS-DOX NPs displayed a deeper penetration in 
MCS and better growth inhibition to MCS than 

 

 
Figure 10. (a) In vivo tumor growth curves of H22 tumor-bearing mice that received different treatments. Data are represented as mean ± SD (n = 10); (b) Tumor 
weight changes of mice after 7-day treatment; (c) image of H22 graft tumors at the end of the treatment; ** represents P < 0.01; * represents P < 0.05. 
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CS-DOX NPs. Drug distribution and NIRF imaging 
revealed that PBA-CS NPs could accumulate more 
drug in tumor area than CS NPs. In vivo antitumor 
examination demonstrated that the PBA-CS-DOX NPs 
have superior efficacy in restricting tumor growth of 
tumor-bearing mice than free DOX and CS-DOX NPs.  
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