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a b s t r a c t 

Folate-targeting self-assembled nanoparticles (NPs) using biocompatible and biodegradable 

natural polymers chitosan (Cs) and chondroitin sulfate (Chs) were developed to address the 

major challenge in cancer treatment, the selective delivery of nanoparticles to the target 

site. In this study, we successfully incorporated a hydrophobic drug, bortezomib (Bor), into 

folic acid (FA)-conjugated Cs/Chs self-assembled NPs (Bor/Cs/Chs-FA) for colorectal cancer 

therapy. The particle size and polydispersity index of Bor/Cs/Chs-FA were ∼196.5 ± 1.2 nm 

and ∼0.21 ± 0.5, respectively. A pH-dependent release profile was observed, facilitating can- 

cer cell-targeted drug release under an acidic tumor microenvironment. Moreover, in vitro 

data revealed enhanced cellular uptake and apoptosis in folate receptor-expressing colorec- 

tal cancer cells (HCT-116 and HT-29) as compared to that in lung cancer cells (A549), which 

do not express folate receptors. Furthermore, intravenous administration of Bor/Cs/Chs-FA 

in a HCT-116 bearing xenograft mouse model showed that the NPs were a safe and effective 

drug delivery system. The results suggest that folate-targeted nanoparticle can be effectively 

applied for efficient chemotherapy of colorectal cancer. 
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1. Introduction 

Biodegradable natural polymer-based nanoparticles are
highly accepted as drug delivery carriers for cancer treatment
[1] . The third most common cancer, colorectal cancer is si-
multaneous occurrence of colon cancer and rectal cancer [2] .
Chemotherapy is a common strategy for treatment of cancer;
however, it has many undesirable side effects caused by
chemotherapy interaction with healthy cells in the body [3,4] .
Therefore, a new interdisciplinary field called nanomedicine
has been developed to modify the fate of the drug in the body
[5,6] . Overcoming mononuclear phagocyte system (MPS) can
prolong the presence of drugs in systemic circulation; [7] this
can be achieved by the presence of PEG on NPs surface [8] . The
presence of targeting ligands on the surface of nanoparticles
increases the intracellular delivery of drugs to specific targets
[9] . Many surface receptors such as transferrin and folate
receptors are expressed in several cancer cell types. 

Folate receptors (FRs) are one of the most expressed
receptors on cancer cells [10] although they are expressed
in many cancer cell types, their expression levels are low in
normal cells [11] . In particular, colorectal cancer cell lines,
HT 29 and HCT116 have over expressed the folate receptor
which can easily interact with folate targeted nanoparticles
on their surface [12] and increases release and uptake of
cargo drugs at colonic area. Therefore, folate-targeted PEG
conjugated nanoparticles could potentially enhance the
effect of chemotherapeutic agents by promoting intracellular
concentration of entrapped chemotherapeutic agents [13] .
Furthermore, FA-conjugated nanoparticles could enhance the
residence time of entrapped drugs in the body by active and
passive targeting tumor sites, which might reduce tumor cell
resistance [14] . 

Chitosan nanoparticles are widely used for several biomed-
ical applications as a drug delivery system [15] . The positively
charged amino group of Cs, the polyanionic natural polymer,
forms complexes with negatively charged polyelectrolytes
to spontaneously result in nanoparticle formation [16] . Re-
searchers have fabricated nanoparticles, tablets, pellets,
microcapsules, beads, membranes, gels, and films by using
Cs-based polyelectrolyte complexes (PECs) [17,18] . Chs, a
natural polysaccharide, is an acidic mucopolysaccharide
found in cartilage, bone, and connective tissue. It can form
ionic complexes with positively charged chitosan [19] . Chs is
mechanically and chemically stable and is an ideal matrix
for many biomedical applications including site-specific drug
delivery in chemotherapy and treatment of many diseases. 

Recently, new drug delivery system was developed as
PECs prepared from natural polysaccharides, including
Cs and chondroitin sulfate (Chs) complexes [20] because
interpolymer complexed nanocarriers for chemotherapy
easily develop due to the attraction between (NH 3 

+ ) of Cs and
(-OSO 3 

− and -COO 

−) of Chs [21] . Moreover, this PECs have bi-
ological properties such as biocompatibility, biodegradability
and produce better carriers for ionized drugs with high drug
loading and entrapment efficiency [22] . 

Bortezomib (Bor), used in the treatment of multiple
myeloma, is an inhibitor of the 26S proteasome [23] . It is also
used as chemotherapeutic drug in many cancers such as hep-
atocellular carcinoma, prostate cancer, ovarian cancer, and
colon cancer [24] ; it also inhibits transcription factor nuclear
factor-kappa beta (NF-kB). Bor increases the cellular suscepti-
bility of cancers to apoptosis by inhibiting NF-kB [25] . 

In the present study, we developed a Bor-loaded natural
polysaccharide nanoparticle system conjugated with folate-
coupled DSPE-PEG ( Fig. 1 ). PEG moiety in the amphiphilic
DSPE-PEG could promote and prolong the blood circulation,
whereas the DSPE moiety could increase the drug loading ca-
pacity and stability of the core. FA will act as a targeting ligand
to increase the uptake of drug in colorectal cancer cell lines.
We studied the therapeutic activity of Bor/Cs/Chs-FA nanopar-
ticles in vitro and in tumor bearing xenografts mice model as
in vivo . 

2. Materials and methods 

2.1. Materials 

Bor was obtained from LC Laboratories (Woburn, MA, USA). Cs,
Chs, FA, and MTT [2,5-diphenyltetrazolium bromide] were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). HCT-116, HT-
29, and A549 cells were obtained from the Korean Cell Line
Bank (Seoul, South Korea). DSPE-PEG 2000 was purchased from
Avanti Polar Lipid (Alabaster, AL, USA). Coumarin-6 and Lyso
Tracker Red were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). Primary antibodies, ubiquitin, and
P53 were purchased from Cell Signaling Technology (Danvers,
MA, USA). All other chemicals were of reagent grade and used
without further purification. 

2.2. Preparation of cs/chs NPs and Bor/Cs/Chs-FA 

Cs/Chs, Bor/Cs/Chs, and Bor/Cs/Chs-FA NPs were prepared by
polyelectrolyte complexation between carboxylate and sul-
fate groups from chondroitin sulfate and amino groups of chi-
tosan [26] . Briefly, stock solutions of Cs (1.5 mg/ml, pH = 4.5)
and Chs (1.75 mg/ml, pH = 6.5) were prepared using puri-
fied water. The stock solutions were filtered using 0.2 μm fil-
ter paper (Whatman, Dassel, Germany) and diluted to opti-
mized concentrations. Cs/Chs NPs were prepared by mixing
Cs and Chs with stirring at 25 °C. Different concentrations of
Chs (0.41–1.25 mg/ml) were added into 1.5 mg/ml Cs solution
to get desired Chs/Cs weight ratios (1:6). For preparation of
Bor/Cs/Chs and Bor/Cs/Chs-FA, firstly, Bor and FA-conjugated
DSPE-PEG, which was prepared and characterized in a pre-
vious study [27] , were dissolved in phosphate buffer saline.
Bor solution was then added to the Chs solution dropwise
with stirring at room temperature and kept for 6 h. Finally,
FA-conjugated DSPE-PEG was added to the Bor-loaded Cs/Chs
NPs, (Bor/ Cs&Chs weight ratios, 1:2) with stirring and kept
for 12 h at 25 °C. The resulting solution was centrifuged at 13
000 rpm for 25 min at 20 °C and the NP pellet was re-suspended
in purified distilled water after discarding the supernatant to
obtain Bor/Cs/Chs-FA (Bor/ Cs&Chs/FA weight ratios, 1:2:1) for
further study of in vitro and in vivo experiments. 
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Fig. 1 – Schematic illustration of preparing folate targeted polymeric nanoparticles to deliver bortezomib to folate receptor 
expressing colorectal cancers. 
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.3. Morphological analysis of cs/chs NPs and 

or/Cs/Chs-FA 

he morphology of Cs/Chs NPs and Bor/Cs/Chs-FA was stud- 
ed using Transmission Electron Microscope (CM 200 UT,
hilips, MA, USA). Briefly, samples stained with phospho- 
ungstic acid solution were put on copper grid, which was 
oated with carbon and dried at room temperature. Transmis- 
ion electron microscope was operated at 120 kV to take im- 
ges of NPs [28] . 

The physicochemical properties of nanoparticles such as 
eta-potential, polydispersity index (PDI), and Z-average hy- 
rodynamic particle size were characterized using the DLS 

dynamic light scattering) method with a Zetasizer Nano ZS 
Malvern Instruments, Malvern, UK) [29,30] on Nano DTS soft- 
are (version 6.34). Three individual measurements were 

aken to obtain mean value. 
FTIR spectra of dried Bor/Cs/Chs and Bor/Cs/Chs-FA were 

btained using an FTIR spectrophotometer (Thermo Scientific 
icolet Nexus 670) and compared with Bor, Cs, and Chs spectra 

31] . 

.4. Drug loading and encapsulation efficiency 

o estimate the entrapment efficiency (EE) and loading capac- 
ty (LC) of Bor in Bor/Cs/Chs-FA, we used an Amicon® cen- 
rifugal filter device (molecular weight cut-off, 10 000 Da, Mil- 
ipore) [32] . Unbound drug in Bor/Cs/Chs-FA was separated by 
entrifugation for 10 min at 5000 rpm; filtrate was analyzed on 

n HPLC system (Hitachi, Japan), which comprised: an L -2130 
ump, L -2200 autosampler, L -2420 UV–Vis detector, L -2350 col- 
mn oven, and Ezchrom elite software (318a, Japan) [33] . PBS 

pH 7.4): methanol (50:50, v/v) was used as a mobile phase for 
socratic elution and an Inertsil C 18 column (150 mm × 4.6 mm,
 μm particle size, Cosmosil, Nacalai Tesque Inc., USA) was 
sed as the stationary phase. A 20 μl sample was injected; the 
ow rate of the mobile phase was 1.0 ml/min and column tem- 
erature was 25 °C. UV absorbance was detected at a wave- 

ength of 278 nm. The percentages of EE and LC were calcu- 
ated according to the following equations: 

E ( % ) = 

W D 

W T 
×100 

here W D is the weight of Bor encapsulated in Bor/Cs/Chs- 
A and W T is the total weight of Bor when preparing the 
ormulation. 

C ( % ) = 

W D 

W TN 
×100% 

here W D is the weight of Bor encapsulated in Bor/Cs/Chs- 
A and W TN 

is the total weight of nanoparticles including the 
mount of adding Bor, and total weight of Cs/Chs. 
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2.5. In vitro drug release study 

In vitro release rate of Bor from Bor/Cs/Chs and Bor/Cs/Chs-FA
was studied in phosphate-buffered saline (PBS; physiological
pH 7.4) and acetate-buffered saline (ABS; acidic pH 5.0) using
a dialysis membrane (Spectra/Por 3500 Da-MWCO) [34] . Pre-
determined volume of formulation was added to the dialysis
membrane and it was immersed in 30 ml of either ABS (0.01 M,
pH 5.0) or PBS (0.01 M, pH 7.4). Release study was carried out at
37 °C with shaking at 100 rpm. At specified time points, sam-
ples were collected and aliquots of fresh media were replaced.
The amount of Bor release was calculated by HPLC method as
described in Section 2.3 . 

2.6. Stability of Bor/Cs/Chs and Bor/Cs/Chs-FA 

The most important parameter to characterize the opti-
mization of formulated nanoparticles is the stability of cre-
ated drug loaded nanoparticles [35] . For physical stability,
Bor/Cs/Chs and Bor/Cs/Chs-FA were kept at 4 °C and room
temperature, 40 °C and the content of drug and particle size
were determined at specified time point. The stability of
Bor/Cs/Chs and Bor/Cs/Chs-FA in physiological condition was
carried out in plasma obtained from the blood of mice by load-
ing Bor/Cs/Chs and Bor/Cs/Chs-FA in plasma and the mixture
of formulations and plasma was kept in shaking incubator at
40 °C. The amount of drug content in nanoparticles and parti-
cle sizes were measured at predetermined interval [36] . 

2.7. Cellular cytotoxicity of Bor/Cs/Chs-FA 

The cytotoxic effect of Bor/Cs/Chs-FA was determined by us-
ing MTT assay (Promega, USA) [37] . The percentage cell via-
bility after treatment with Bor/Cs/Chs-FA was compared with
those of free Bor and Bor/Cs/Chs in HT-29 and HCT-116 cells
(folate receptor expressing cancer cell lines) and A549, lung
cancer cells (cell line that does not express folate recep-
tors). All cells (1 × 10 4 /well) seeded in 96-wells plates were
incubated for 24 h and treated with Cs/Chs NPs, Bor,
Bor/Cs/Chs, Bor/Cs/Chs and Bor/Cs/Chs-FA. After treatment
with MTT, absorbance was determined at 570 nm by using an
automated microplate reader. Untreated cells were designated
as controls and the percentage cell viability of each cell line
was calculated using the following formula. 

Cell viability ( % ) = 

A570 ( sample ) − A570 ( blank ) 
A570 ( control ) − A570 ( blank ) 

×100 

Where, A is the absorbance. 

2.8. Cellular uptake efficacy of Bor/Cs/Chs-FA 

To study the localization and uptake of drug carrier in both fo-
late receptor expressing and deficient cell lines, confocal laser
scanning microscopy was used. All cells (1 × 10 5 / well) were
seeded in 12-wells plates containing cover slips. After 24 h,
coumarin-6-loaded folate targeted nanoparticles were added
to each well, followed by staining with Lyso Tracker® Red (1 μl)
for 10 min. Cells in one group from each cell line were treated
with FA (20 μg) for one hour as pretreatment to quantify the
uptake of folate-targeted nanoparticles via folate receptors.
All treated cells were kept in the dark and fixed with 4%
paraformaldehyde solution. For visualization under confocal
laser scanning microscope (Leica Microsystems, Wetzlar, Ger-
many), the cover slips containing treated cells were mounted
on glass slides and sealed with glycerin [38] . 

The uptake of folate-targeted nanoparticles was stud-
ied using fluorescence-activated cell sorting (FACS; BD Bio-
sciences, San Jose, CA, USA). Folate receptor expressing cell
lines, HCT-116 and HT-29 (1 × 10 5 / well), were seeded in 12
wells plates and incubated for 24 h. Subsequently, different
concentrations of coumarin-6-loaded targeted nanoparticles
were added to the cells at predetermined times. The same pro-
cedure was performed for folate receptor deficient A549 cell
line. To confirm the folate receptor-mediated uptake efficacy
of formulations, one group of cells was pretreated with free FA
(20 μg). Finally, cells were collected, washed and dispersed in
0.5 ml PBS, and analyzed [32] . 

2.9. In vitro cellular study 

To investigate cell cycle status including cell replication, pro-
liferation, and division at four critical stages (G1, S, G2, and M),
cell cycle analysis was carried out using a fluorescence assay
kit (Cell Clock TM ; Biocolor Ltd., UK). Briefly, after incubation for
24 h, cells (1 × 10 5 / well in a 12-wells plate) were treated with
Bor, Bor/Cs/Chs, and Bor/Cs/Chs-FA, and then incubated for
another 24 h. Cells were then stained with a redox dye (Cell-
Clock Dye Reagent) for 1 h at 37 °C and imaged using a fluo-
rescence microscope (Nikon Eclipse Ti). The number of cells
arrested in each phase from digitized photomicrographs was
determined using ImageJ software [39] . 

To determine the toxicity of Bor/Chs/Cs-FA against both fo-
late receptor expressing and deficient cell lines, live/dead as-
say was performed [40] . Briefly, cells (1 × 10 5 /well) were seeded
in a 12-well plate, and treated with Bor, Bor/Cs/Chs, and
Bor/Cs/Chs-FA followed by incubation for 24 h. Subsequently,
cells were washed with PBS and then stained with propidium
iodide (red fluorescence) and acridine orange (green fluores-
cence). Finally, the cells were observed under a fluorescence
microscope (Nikon Eclipse Ti, Nikon Instruments Inc.). 

A cell migration study was performed to estimate the anti-
metastatic effect of Bor/Cs/Chs-FA. Cells (1 × 10 5 /well in 12-
well plates) were seeded and incubated for 24 h. To get a
straight cell-free ‘scratch’, the monolayer of cells was scraped
off using a pipette tip. The cells from the scraped area were
removed by washing with PBS and images were taken (des-
ignated as 0 h). Then, cells were incubated for 24 h with Bor,
Bor/Cs/Chs, and Bor/Cs/Chs-FA. Subsequently, the cells were
photographed and the images were compared with those
taken at 0 h [41] . 

2.10. Western blot analysis 

All cells (2 × 10 5 /well) were seeded in 6-wells plates. After
24 h, all seeded cells were incubated with Bor, Bor/Cs/Chs,
and Bor/Cs/Chs-FA for another 24 h. Then, the cells were har-
vested, lysed, and incubated for 40 min on ice with proteinase
inhibitors. The reaction mixture was then centrifuged at 13
000 rpm for 20 min at 4 °C, and the supernatant obtained was
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sed to quantify the concentration of proteins using a BSA 

rotein Assay Kit (Thermo Scientific, IL, USA). Bis-Tris poly- 
crylamide gel (10%) was used to separate proteins, which 

ere then transferred to polyvinylidene fluoride membrane.
fter blocking with 5% nonfat milk powder suspension, the 
embranes were incubated overnight with primary antibod- 

es, GAPDH, p53, and Ubiquitin. The expression levels of pro- 
eins were determined after incubation with suitable sec- 
ndary antibodies for 1 h using enhanced chemiluminescence 

33] . 

.11. In vivo antitumor effects 

 tumor xenograft model was developed by injecting HCT-116 
ells (1 × 10 7 ) into the right flanks of female balb/c nude mice 
o examine in vivo antitumor efficacy of Bor, and its formu- 
ations with and without folate targeting. The experimental 
nimals were randomly grouped into control and three other 
xperimental groups (Group 1: control, Group 2: Bor, Group 3: 
or/Cs/Chs and Group 4: Bor/Cs/Chs-FA). When the tumor vol- 
mes reached approximately 100 mm 

3 , free drug and different 
ormulations were injected three times every four days via the 
ail vein. The length and width of tumors were measured by 
sing Vernier calipers and volume was calculated as: 

 = 

( Width ) 2 × Length 
2 

Moreover, loss of body weight, which is one of the pa- 
ameters used to characterize the toxicity of Bor/Cs/Chs-FA,
as also determined. At the end of the study, all mice were 

acrificed by CO 2 inhalation to harvest tumors and principal 
rgans following the protocols of the Institutional Animal 
thical Committee of Yeungnam University, South Korea.
ll tumors and organs were fixed in formalin for immuno- 
istochemical assay. The experiments were approved by 

he Institutional Animal Ethical Committee, Yeungnam 

niversity, South Korea [33] . 

.11.1. Histopathological characterization 

he specimens extracted from mice bearing HCT-116 tumors 
ere cut (3–4 μm) and studied using an optical microscope 

Nikon Corporation, Tokyo, Japan) after staining with hema- 
oxylin and eosin (H&E). Furthermore, computer-based auto- 

ated image analyzer (iSolution FL ver 9.1; IMT i-solution Inc.; 
ancouver, Quebec, Canada) was used to estimate tumor cell 
olumes from intact tumor cell-occupied regions (% mm 

−2 of 
umor mass) [42,43] . 

.11.2. Immunohistochemistry 
he levels of CD31, Ki-67, caspase-3, and PARP in extracted 

umors were determined using a combination of specific an- 
ibodies, an avidin–biotin–peroxidase complex (ABC), and a 
eroxidase substrate kit (Vector Labs, Burlingame, CA, USA).
riefly, tissue sections were incubated with methanol and 

.3% H 2 O 2 and then blocked by incubation with nonspecific 
mmunoglobulins and endogenous peroxidase. Samples were 
hen incubated for 1 h in a humidified chamber at 95–100 °C,
ashed with 10 mM citrate buffer (pH 6.0), and blocked using 
ormal horse serum. Subsequently, the samples were treated 
ith primary antisera and incubated at 4 °C overnight. All 
amples were incubated for 1 h at room temperature with bi- 
tinylated universal secondary antibodies and ABC reagents 
nd rinsed 3 times with PBS between each step. The samples 
ere noted as positive for apoptosis if the sections were cov- 

red by 20% or more of each marker (caspase-3 and PARP) for 
poptosis. An automated image analyzer was used to calcu- 
ate the area (% mm 

−2 of tumor mass) occupied by caspase-3 
nd PARP-positive cells located in the tumor mass [44,45] . 

.11.3. In vivo imaging and biodistribution analysis 
ualitative and quantitative distribution of Cy 5.5-loaded tar- 
eted nanoparticles and Cy 5.5-loaded non-targeted nanopar- 
icles were studied in mice bearing HCT-116 tumors after tail 
ein injections (100 μl of samples containing 1 μg/ml Cy 5.5).
he fluorescence intensity of Cy 5.5 was determined at 1, 6, 12,
nd 24 h using FOBI fluorescence imaging system (Neoscience 
o.Ltd). After 24 h, the fluorescence intensity in healthy organs 

spleen, heart, lung, liver, and kidneys) and tumors was also 
stimated [46] . 

.12. Statistical analysis 

o determine the statistically significant differences between 

he groups in all experiments, Student’s t -test (for pairs of 
roups) and one-way analysis of variance (ANOVA) were used.
ll data are presented as the mean ± standard deviation (SD) 
nd P < 0.05 was considered statistically significant. 

. Results and discussion 

.1. Preparation and characterization of Bor/Cs/Chs-FA 

n this study, we developed Bor-loaded polymeric nanoparti- 
les by using different ratios of natural polymers (chitosan and 

hondroitin sulfate) with folate targeting DSPE-PEG. The opti- 
ized nanoparticles had Chs: Cs at a ratio of 1:6, and a parti- 

le size of 165.2 ± 0.9 nm. After drug loading, the nanoparticle 
ize was 174.7 ± 0.7 nm; Bor/Cs/Chs-FA was larger with a size 
f 186.5 ± 1.2 nm. All nanoparticles had a narrow size distribu- 
ion as shown by polydispersity index (PDI) values ( Fig. 2 A ) . In
ddition, excess of the amine groups of chitosan as compared 

o the sulfate group of chondroitin sulfate resulted in the over- 
ll positive charge, as shown by zeta potential ( Fig. 2 B). 

The morphology of Cs/Chs NPs, Bor/Cs/Chs, and 

or/Cs/Chs-FA was characterized by TEM ( Fig. 2 C). Results 
howed that the nanoparticles were successfully coated by 
olate-targeted DSPE-PEG. Moreover, the nanoparticles had 

mall particle sizes ( ∼200 nm) and were distinct and discrete 
pherical particles [40] . 

To determine the effects of drug loaded in Bor/Cs/Chs-FA,
rug loading capacity and encapsulation efficiency are very 

mportant parameters. Bor/Cs/Chs-FA was prepared with dif- 
erent ratios of Chs and Cs to study the encapsulation efficacy 
f drugs [47] . In this study, we selected Chs/Cs ratio of 1:6 for
reparation of nanoparticle because it has high Bor loading 
apacity (98.5%) and encapsulation efficiency (21.4%) ( Fig. 2 D).
n addition, to characterize the chemical interaction of drugs 
ith folate targeting or polymeric components, FTIR analysis 
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Fig. 2 – Physicochemical characterization of Bor/Cs/Chs-FA (Bor/Cs&Chs/FA weight ratios, 1:2:1). (A) Particle size and PDI, (B) 
Zeta potential of blank polymeric nanoparticle with different ratios of Chs and Cs, Bor/Cs/Chs, and Bor/Cs/Chs-FA. (C) TEM 

images of Bor/Cs/Chs and Bor/Cs/Chs/-FA. (D) Percentage entrapment efficiency and loading capacity of bortezomib in 

Bor/Cs/Chs-FA with different ratios of Chs and Cs. (E) FTIR spectra of Bor, Cs, Chs, and formulation with folate targeting 
ligand and without folate targeting ligand. (F) In vitro release profiles of Bor from Bor/Cs/Chs and Bor/Cs/Chs-FA at pH 5.0 
and pH 7.4. Data are shown as mean ± SD (n = 6) ( ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was performed ( Fig. 2 E). The spectra of Bor/Cs/Chs-FA showed
characteristic peak at 1275 cm 

−1 (C = N stretch), 1401 cm 

−1

(strong B-O stretching of bortezomib), and 1720 cm 

−1 (C = O,
PEG layer). Bor was thus successfully loaded in Bor/Cs/Chs-FA.

The release rate of Bor from Bor/Cs/Chs and Bor/Cs/Chs-FA
was evaluated at pH 7.4 (PBS) and pH 5.0 (ABS) using dialysis
membrane ( Fig. 2 F ). The release of Bor from both Bor/Cs/Chs
and Bor/Cs/Chs-FA showed significant increase at acidic pH
as compared with physiological pH. Moreover, the release
rate from Bor/Cs/Chs-FA was slightly slower than that from
Bor/Cs/Chs. This may be due to rapid distribution and enzy-
matic degradation of free drug from Bor/Cs/Chs in systemic
circulation; moreover, delivery of drugs loaded in targeted
nanoparticles results in controlled release at tumor site. Fur-
thermore, chitosan is easily dissolved in acidic media, result-
ing in the release of drug and conjugate layer in acidic envi-
ronment of tumor site, leading to increased antitumor efficacy
and reduced untoward effects to healthy tissue [48] . 

Stability of Bor/Cs/Chs and Bor/Cs/Chs-FA was examined
in physiological state, plasma media and at two different stor-
age temperatures (4 °C and 40 °C) by measuring particle sizes,
PDI, zeta potential and amount of drug contents in nanoparti-
cles [49] . According to the results of hydrodynamic diameter,
PDI and zeta potential of Bor/Cs/Chs and Bor/Cs/Chs-FA at two
different temperatures ( Fig. S1 ) , created nanoparticles, both
targeted and non-targeted nanoparticles have efficient stabil-
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Fig. 3 – (A) In vitro cytotoxicity effect of Bor, Cs/Chs NPs, Bor/Cs/Chs, and Bor/Cs/Chs-FA (Bor/Cs&Chs/FA weight ratios, 1:2:1) 
at different concentration on folate receptor positive colorectal cancer cells, HCT-116 and HT-29, and folate receptor negative 
lung cancer cell line, A549. Data are shown as mean ± SD (n = 6) ( ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). (B) Confocal images for 
cellular uptake of Coumarin-6-loaded targeted nanoparticles with lysotracker red in HCT-116, HT-29, and A549 cells (i) with 

pretreatment of FA, (ii) without pretreatment of FA. Scale bars represent 100 μm (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.). 
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ty at different temperatures because there was no significant 
ifference in measurement of hydrodynamic diameter, PDI 
nd zeta potential. The electrostatic attraction between Cs 
nd Chs was successfully developed to form polyelectrolyte 
omplex. Similarly, the optimized stability of Bor/Cs/Chs-FA 

n physiological condition had been proved by estimating the 
ontents of drug in nanoparticles and hydrodynamic diam- 
ter, PDI and zeta potential of Bor/Cs/Chs and Bor/Cs/Chs-FA 

fter loading with plasma. The results were shown in ( Fig. S2).
ntrapment efficiency of Bor in Bor/Cs/Chs-FA was more than 

hat of Bor/Cs/Chs and it was supported that DSPE-PEG in 

olate targeted ligand used in created formulation protected 

he drug from unwanted release before reaching the targeted 

rea and RES clearance. 

.2. Cytotoxicity of Bor/Cs/Chs-FA 

he cytotoxicity of Bor/Cs/Chs-FA was evaluated in both fo- 
ate receptor expressing colorectal cancer cell lines (HCT-116 
nd HT-29) and folate receptor deficient lung cancer cell line 
A549) [30] ( Fig. 3 A). Cs/Chs NPs showed cytotoxic effect on 

ll three cell lines at concentrations > 50 μg/ml. These results 
re in line with those of some previous studies, which re- 
orted that chitosan has significant biological activities, in- 
luding immuno-enhancing effects, antimicrobial activities,
ound healing, and antitumor activities [50] . As expected,
or/Cs/Chs-FA was more cytotoxic in folate receptor positive 
ell lines (HCT-116 and HT-29) than free drug and Bor/Cs/Chs 
ere. In contrast, the cytotoxicity of Bor/Cs/Chs-FA in A549 

ell line was similar to that of non-targeted nanoparticles 
or/Cs/Chs, because A549 cell line lacks folate receptors. IC 50 

alues of Bor and Bor/Cs/Chs-FA confirmed these results. To 
etermine the IC 50 values, standard curves were plotted by us- 

ng the cytotoxicity profiles ( Fig. S3). IC 50 values of Bor/Cs/Chs- 
A in both folate receptor expressing colorectal cancer cell 
ines were lower than in folate receptor deficient lung cancer 
ells (Table S1) . 

.3. Intracellular uptake and targeting potency of 
or/Cs/Chs-FA 

n this study, colocalization of coumarin-6-loaded folate tar- 
eted nanoparticles in all cells were observed using con- 
ocal microscopy. Most coumarin-6-loaded folate targeted 

anoparticles (green) were localized around the perinuclear 
egion of both folate receptor-expressing cell lines, suggest- 
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Fig. 4 – (A) Quantitative cellular uptake of coumarin-6-loaded targeted nanoparticles in different cell lines determined by 

using FACS; cells were either pretreated with FA or were without FA pretreatment. (B) Fluorescence microscopic images of 
folate receptor positive human colorectal cancer cells, HCT-116 and HT-29, and folate receptor negative lung cancer cell line, 
A549, incubated with (i) control, (ii) Bor, (iii) Bor/Cs/Chs, and (iv) Bor/Cs/Chs-FA (Bor/Cs&Chs/FA weight ratios, 1:2:1) for 24 h 

were taken after staining with Live/Dead assay kit contents; green or red fluorescence is defined as live or dead cells, 
respectively. Scale bars represent 100 μm (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ing that these nanoparticles were distributed into the cyto-
plasm. There was minimum uptake in FA pretreatment group.
Moreover, the uptake of FA-targeted nanoparticles in these
cell lines was markedly inhibited by the presence of excess
amounts of free folic acid. It suggested that the uptake of tar-
geted nanoparticles depended on the folate receptor medi-
ated endocytosis. Furthermore, the role of folate ligand in cel-
lular uptake mechanism was confirmed in A549 cells, which
showed no significant change of uptake with or without FA
pretreatment ( Fig. 3 B) [38] . 

Moreover, qualitative time- and concentration-dependent
uptake profile of coumarin-6-loaded folate-targeted nanopar-
ticles was examined in both folate receptor expressing and
deficient cell lines by using FACS analysis ( Fig. S4). The fluo-
rescence intensity was increased when the dose (1–5 μg) and
treatment time (30–90 min) were increased. However, there
was no significant change in fluorescence intensity in A549
cell line, although treatment time and concentration were in-
creased. Furthermore, the role of folate ligand in cellular up-
take of targeted nanoparticles was confirmed by low uptake
in folic acid pretreatment group of folate receptor expressing
HCT-116 and HT-29 cells ( Fig. 4 A ) [51] . 
Furthermore, quantitative cell death was examined in all
cells treated with free drug and formulations with and with-
out folate targeting ligand by sequential treatment with acri-
dine orange (AO) and propidium iodide (PI) to distinguish the
live and dead cells [52] . All cells treated with free drug showed
more dead cells as compared to in the control group. HCT-
116 and HT-29 cells treated with Bor/Cs/Chs-FA had higher
cell death rate than A549 cells had ( Fig. 4 B). This could be at-
tributed to the higher nanoparticle internalization in folate re-
ceptor overexpressing colorectal cancer cells as compared to
folate receptor deficient cells. 

Cell cycle analysis was performed to study the cell divi-
sion and proliferation of all three cell lines following treat-
ment with Bor, Bor/Cs/Chs, and Bor/Cs/Chs-FA using a redox
dye, which changes color according to the cell cycle phases
(G1, S, G2, and M) [39] . Bor/Cs/Chs-FA treated group in HCT-116
and HT-29 cell lines only had cell population with G1 phase,
whereas cell population was observed in all phases in A549
cells. However, Bor and Bor/Cs/Chs treated groups showed
cells in M and S phase ( Fig. 5 A, S5 ) . This shows that cell cycle
arrest after treatment with Bor/Cs/Chs-FA is highly promoted
by folate receptor mediated uptake mechanism. These results
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Fig. 5 – (A) Distribution of cells in cell cycle phases, G1, G2, M, and S phase after 24 h treatment with Bor, Bor/Cs/Chs, and 

Bor/Cs/Chs-FA (Bor/Cs&Chs/FA weight ratios, 1:2:1) in folate receptor positive human colorectal cancer cells, HCT-116 and 

HT-29, and folate receptor negative lung cancer cell line, A549, was visualized by fluorescence microscopy. Scale bars 
represent 100 μm. (B) Cell migration efficiency after 24 h treatment with (i) control, (ii) Bor, (iii) Bor/Cs/Chs, and (iv) 
Bor/Cs/Chs-FA in folate receptor positive human colorectal cancer cells, HCT-116 and HT-29, and folate receptor negative 
lung cancer cell line, A549. (C) Western blot analysis in stated cells following incubation with (i) control, (ii) Bor, (iii) 
Bor/Cs/Chs, and (iv) Bor/Cs/Chs-FA (v) by using specific proteins, P53 and Ubiquitin. GAPDH was used as a control. 
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lso highlight the effect of folate targeting ligand in efficacy of 
ormulations. 

To observe the effect of Bor/Cs/Chs-FA on the migra- 
ion ability of colorectal cancer cells, wound healing assay 
as performed. The results showed that the cell popula- 

ion of HCT-116 and HT-29 treated with Bor/Cs/Chs-FA was 
ignificantly lower in the area between the scratched edges 
han that in the control and free drug conditions ( Fig. 5 B).
owever, area between the scratched edges of A549 cells af- 

er treatment with Bor/Cs/Chs-FA was similar to that after 
reatment with non-targeted nanoparticles (Bor/Cs/Chs). This 
hows that Bor/Cs/Chs-FA was able to inhibit migration and 

nvasion mediated by FA receptor in vitro . 
Furthermore, the effect of Bor/Cs/Chs-FA on the expres- 

ion of different apoptotic proteins was investigated in both 

olate receptor expressing and deficient cell lines by western 

lot analysis ( Fig. 5 C, S6 ) . The expressions of apoptotic marker,
53, and Bor specific marker, ubiquitin, in folate receptor ex- 
ressing colorectal cancer cells treated with Bor/Cs/Chs-FA 

ere significantly enhanced as compared with control, free 
rug, and Bor/Cs/Chs treatments. However, no such elevation 

n apoptotic protein levels was observed in folate receptor de- 
cient cell line A549. These data showed that Bor/Cs/Chs-FA 

ould increase the number of cells in late apoptotic phase via 
olate targeted DSPE-PEG of nanoparticles. 
g

.4. In vivo antitumor effects 

CT-116 tumor bearing xenograft mice model was developed 

o analyze the in vivo antitumor effect of Bor/Cs/Chs-FA on 

olorectal cancer. Bor/Cs/Chs-FA could inhibit the tumor pro- 
ression by early DNA fragmentation coupled with apopto- 
is, which enhanced its antitumor effect on folate recep- 
or overexpressing colorectal cancer ( Fig. 6 A). This significant 
mprovement in antitumor effect suggested that the relation- 
hip between folate targeted nanoparticles and folate recep- 
ors on cancer cells could play a vital role in chemotherapy.
n addition, after checking tumor volume and body weight 
n the control and treatment groups, we can conclude that 
olate targeted delivery of Bor/Cs/Chs to cancer cells with abil- 
ty of a prolonged systemic circulation resulted in minimiza- 
ion of untoward effects ( Fig. 6 B). Moreover, tumor cell apop- 
osis was increased by inhibition of tumor cell proliferation 

nd angiogenesis mechanisms without toxicological signs on 

he five principal organs at histological level, as shown by H 

 E staining ( Fig. 6 C, Table S2). The levels of CD31 and Ki-67,
ell proliferation and angiogenesis markers, were significantly 
ecreased in tumor tissues treated with Bor/Cs/Chs-FA than 

n those treated with free drug, and non-targeted nanoparti- 
les. Furthermore, high level of apoptotic markers, caspase- 
 and PARP, which promote cancer cell apoptosis and angio- 
enesis, and proliferation were observed in cells treated with 
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Fig. 6 – In vivo antitumor studies on (A) tumor volume, (B) body weight, and (C) histopathological changes of organs (heart, 
liver, spleen, lungs, and kidneys) following intravenous administration of different formulations (control, Bor, Bor/Cs/Chs, 
and Bor/Cs/Chs-FA (Bor/Cs&Chs/FA weight ratios, 1:2:1)) to HCT-116 tumor bearing BALB/c nude mice. Each formulation was 
administered four times at three-day intervals ( ∗P < 0.05, ∗∗P < 0.01,). (D) Immuno-histopathological analyses. 
Representative changes in tumor histopathology and immunoreactivity to caspase-3, PARP, Ki-67, and CD31 in tumor 
masses of nude mice following treatment with the indicated formulations are shown. Caspase-3 and PARP are markers for 
apoptosis and CD31 and Ki-67 are markers for angiogenesis. Scale bar is 120 μm. 

Fig. 7 – In vivo biodistribution fluorescence imaging of subcutaneous HCT-116 tumor-bearing BALB/c nude mice after iv 
injection of 100 μl cyanine 5.5 loaded Bor/Cs/Chs-FA (Bor/ Cs&Chs/FA weight ratios, 1:2:1) and Bor/Cs/Chs (both containing 
1 μg/ml cyanine 5.5). 
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or/Cs/Chs-FA ( Fig. 6 D, Table S3). This in vivo antitumor study 
roved that Bor/Cs/Chs-FA could successfully deliver Bor to 
ancer cells via folate targeted nanoparticles and exert the an- 
itumor effects by inhibiting tumor cell proliferation and in- 
ucing cellular apoptosis by activating immune cells. 

.5. Biodistribution studies 

n vivo fluorescence imaging was carried out to estimate 
he distribution ability of targeted nanoparticles in tumor 
rea and other vital organs. Cy 5.5 was used as the fluo- 
escence marker. After injection of Cy 5.5 loaded targeted 

anoparticles and Cy 5.5 loaded non-targeted nanoparticles 
nto the tail veins of mice models, fluorescence was immedi- 
tely distributed throughout the body in both injected groups 
 Fig. 7 ). However, the fluorescence intensity in the tumor area 
f group injected Cy 5.5 loaded targeted nanoparticles was 
uch higher than that of nontargeted nanoparticles, sug- 

esting that the folate targeted nanoparticles could enhance 
he drug delivery and accumulation of nanoparticles into tar- 
eted tumor areas. After 24 h, fluorescence intensity of dis- 
ected organs (heart, liver, spleen, lung, and kidney) and tu- 
or tissue were checked. If nanoparticle could distribute in 

ivo for an acceptable time to release the drug in the tu- 
or area, an enhanced permeability and retention (EPR) ef- 

ect is likely to be obtained with reduction of cardiotoxicity.
hus, we suggest that Bor/Cs/Chs-FA highly accumulates in 

umor area and shows low non-specific uptake in reticuloen- 
othelial system (RES). This in turn facilitates uptake of folate 
argeted nanoparticles to folate receptor overexpressing can- 
ers via the receptor-mediated endocytosis [53] . 

. Conclusion 

n conclusion, Bor was successfully encapsulated in folate- 
argeted Cs/Chs complex nanoparticles. Bor/Cs/Chs-FA had 

igh drug loading capacity with nano-sized particles. The ef- 
cacy of inducing apoptosis and cellular uptake efficiency of 
or/Cs/Chs-FA in folate receptor overexpressing cancer cells 
ere enhanced by using biocompatible and biodegradable 
olysaccharides complexed nanocarriers which allow the sus- 
ained release and improve loading capacity of Bor. In vivo 
ntitumor studies in HCT-116 xenograft mice revealed that 
or/Cs/Chs-FA mediated a greater suppression of xenograft 
umors with lesser toxicity to normal organs and tissues as 
ompared to those of control, free drugs, and formulation 

ithout folate targeting ligand. Hence, our optimized formula- 
ion may be beneficial in folate-receptor-targeted chemother- 
py, leading to be potential candidates for treatment of folate 
eceptor overexpressing colorectal cancers. 
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