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and an immature lymphatic system. [ 1 ]  If 
nanocarriers have suitable physicochem-
ical properties (i.e., particle size, shape, 
and surface charge), the EPR effect causes 
them to accumulate in tumors. [ 2 ]  However, 
passive tumor targeting based on the EPR 
effect provides unspecifi c tumor targeting; 
therefore, tumor-specifi c targeting moie-
ties have been introduced to nanocarriers 
in order to enhance their selective tumor 
targeting. The conjugation of tumor-
specifi c ligands (i.e., small molecules, 
peptides, and antibodies) that are able to 
interact with receptors overexpressed in 
cancer cells to nanocarriers is called an 
active tumor targeting strategy, [ 3–6 ]  and has 
been widely used in conjunction with pas-
sive tumor targeting strategies. 

 Even though the use of the above men-
tioned tumor-targeting strategies can 
result in some anticancer activity, clini-
cally effective therapeutics require homog-
enous distribution of therapeutic agents 
across the entire tumor, and this is not 
easily achieved. The delivery of drugs to 
solid tumors is hampered by their charac-
teristic features such as increased stiffness 
of the tumor extracellular matrix (ECM) 

and high interstitial fl uid pressure (IFP). [ 7,8 ]  The abnormal 
ECM and high IFP in tumors can prevent the penetration of 
anticancer agents into the core of tumors. Successful distribu-
tion of anticancer drugs to the core of the tumor would allow 
the establishment of a fully effective cancer therapy and pre-
vent metastasis and relapse. To overcome the stiff ECM and 
high IFP of solid tumors, there are several strategies that can be 
employed: the ECM can be degraded with enzymes (i.e., hyalu-
ronidase and collagenase); tumor-targeting ligands can be intro-
duced (i.e., folic acid); and agents that reduce IFP can be used 
(i.e., vasotargeting agents, vascular disrupting agents, vasodila-
tors, and tumor growth factor-beta inhibitors). [ 9 ]  

 To aid tumor penetration, sialic acid-targeting strategy can 
be used to enhance intratumoral transport of nanocarriers. [ 10 ]  
It has been reported that sialylated epitopes (glycan chains 
including  N -acetylneuraminic acid) are overexpressed on cancer 
cells, and their presence is implicated in metastasis, progres-
sion, apoptosis, and resistance to chemotherapy. [ 11,12 ]  Phenylb-
oronic acid can selectively recognize the sialic acid expressed 
on cancer cells and can therefore be used as a tumor-targeting 
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  1.     Introduction 

 The selective delivery of high doses of drug to tumors is 
regarded as the main objective of cancer chemotherapy. The 
enhanced permeability and retention (EPR) effect can be 
adopted as a passive tumor targeting strategy and is based on the 
aberrant vasculature of tumors that results from angiogenesis 
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moiety. [ 13–15 ]  Complex formation between sialic acid and phe-
nylboronic acid is favored because of the trigonal structure of 
boron. [ 12 ]  Tumor targeting using phenylboronic acid has several 
advantages such as high binding affi nity and selectivity, nontox-
icity, nonimmunogenicity, and inexpensiveness. [ 12 ]  

 In this work, phenylboronic acid was conjugated to an amphi-
philic chondroitin sulfate A–deoxycholic acid (CSA–DOCA) 
 conjugate to form nanoparticles (NPs). It is known that CSA can 
bind to the CD44 receptor expressed in cancer cells. [ 16 ]  NPs based 
on chondroitin sulfate derivatives have been used for tumor tar-
geting and anticancer drug delivery. [ 17,18 ]  Tumor targeting and 
penetrating strategies based on the interaction between CSA and 
CD44 receptor combined with the interaction between sialic acid 
and boronic acid are envisaged to increase the usefulness of NPs 
for selective drug delivery to tumors and result in homogeneous 
distribution across solid tumors. Along with an investigation of 
tumor targeting, the penetration of NPs into the tumor mass 
was investigated using in vitro and in vivo 3D tumor models.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of (3-Aminomethyl-
phenyl)boronic Acid (AMPB)-Conjugated CSA–DOCA 
(CSA–DOCA–AMPB) 

  Figure    1   shows the schematic illustration of tumor tar-
geting and penetrating strategy of doxorubicin (DOX)-loaded 
 CSA–DOCA–AMPB NPs. Phenylboronic acid conjugated to 

CSA–DOCA to yield the CSA–DOCA–AMPB can interact 
with sialic acid on the surface of cancer cells to form boronate 
esters. [ 10,13 ]  CSA–DOCA was successfully synthesized by con-
jugating ethylenediamine-modifi ed DOCA (EtDOCA) to CSA 
through the formation of an amide bond ( Figure    2  A). To attach 
ethylenediamine to DOCA, the carboxylic acid group of DOCA 
was fi rst converted to a methyl ester. The methoxy group was 
then replaced with an ethylenediamine linker via a nucleophilic 
substitution. The resultant product, EtDOCA, was conjugated 
to CSA using an 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) and  N -hydroxysuccinimide (NHS)-mediated cou-
pling reaction. The characteristic peaks of EtDOCA (0.6 ppm 
[C18 methyl group]; 2.5–3.0 ppm [ethylene group]; 7.8–8.0 ppm 
[amide group]) in the  1 H-NMR spectrum of the fi nal product 
indicate successful synthesis of CSA–DOCA (Figure  2 B). The 
degree of substitution (8.92%) of the EtDOCA group to CSA 
was calculated by comparing the integrations of shift “a” 
(1.8 ppm;  N -acetyl group of CSA) and shift “b” (0.6 ppm; C18 
methyl group of DOCA). 

   The attachment of phenylboronic acid groups to CSA–
DOCA was achieved using AMPB. The AMPB has a primary 
amine group, which can react with the carboxylic acid group 
on CSA–DOCA through EDC/NHS-mediated amide bond for-
mation. As shown in the  1 H-NMR spectrum of AMPB–CSA–
DOCA (Figure  2 B), the presence of signals representing the 
aromatic protons (d and e, 7.3–7.4 ppm; c and f, 7.6–7.7 ppm) 
of AMPB implies successful introduction of phenylboronic 
acid groups to CSA–DOCA. To calculate the AMPB content, a 
simple linear regression method with the  1 H-NMR spectra of 
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 Figure 1.    Schematic illustration about tumor targeting and penetrating action of CSA–DOCA–AMPB/DOX NPs.
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AMPB/CSA–DOCA physical mixtures was used. Representative 
signals of AMPB (7.6–7.7 ppm) and CSA–DOCA (0.6 ppm; 3H 
from C18 methyl group of DOCA) were used to draw the regres-
sion line, whereby the  X - and  Y -axes represent the weight ratio 
and integration ratio of the peaks, respectively (data not shown). 
The content of introduced AMPB in CSA–DOCA–AMPB was 
2.35% (w/w) according to the  1 H-NMR data (Figure  2 ). 

 It has been reported that the phenylboronic acid residue con-
tains a fl uorophore; thus, the extent of the conjugation of AMPB 
to CSA–DOCA was assessed by measuring fl uorescence. [ 12 ]  As 

shown in Figure S1 (Supporting Information), the maximum 
emission of AMPB was presented at 297 nm. CSA–DOCA has 
a lower peak emission at around 370 nm. These properties 
were refl ected in the spectrum of CSA–DOCA–AMPB. The 
maximum fl uorescence intensity of AMPB was the same as 
that of CSA–DOCA–AMPB (at a comparable concentration as 
calculated by  1 H-NMR analysis) at an emission wavelength of 
297 nm. Interestingly, the linearity of the correlation between 
AMPB concentration and maximum fl uorescence intensity was 
established across the whole concentration range tested (inset 
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 Figure 2.    Synthesis and its verifi cation of CSA–DOCA–AMPB conjugate. A) Scheme for the synthesis of CSA–DOCA–AMPB is presented. B)  1 H-NMR 
spectrum of CSA–DOCA–AMPB is shown. Inset indicates  1 H-NMR spectrum of AMPB. The chemical shifts for CSA (a, 1.8 ppm), EtDOCA (b, 0.6 ppm; 
g, 7.8–8.0 ppm), and AMPB (d,e, 7.3–7.4 ppm; c,f, 7.6–7.7 ppm) are shown in the spectrum of CSA–DOCA–AMPB. CSA–DOCA–AMPB was dissolved 
in the mixture of DMSO-d 6  and D 2 O mixture (3:1, v/v) for  1 H-NMR (500 MHz) analysis.
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of Figure S1, Supporting Information). This confi rmed the suc-
cessful attachment of AMPB molecules to the CSA–DOCA con-
jugate, as shown by  1 H-NMR analysis.  

  2.2.     Preparation and Characterization of DOX-Loaded NPs 

 NPs based on CSA–DOCA or CSA–DOCA–AMPB were fab-
ricated according to a previously reported solvent evaporation 
method. [ 19,20 ]  DOX base was used as a model hydrophobic anti-
cancer drug and was incorporated into CSA–DOCA and CSA–
DOCA–AMPB NPs. CSA–DOCA is an amphiphile composed of 
a hydrophilic backbone (CSA) and hydrophobic pendant groups 
(DOCA). Thus, in an aqueous environment, CSA–DOCA may 
form NPs over its critical aggregation concentration. AMPB, 
a ligand for sialic acid overexpressed in cancer cells, was 

conjugated to the CSA backbone. After loading of DOX, the 
CSA–DOCA and CSA–DOCA–AMPB NPs exhibited a mean 
diameter of 206–229 nm, a narrow size distribution, negative 
zeta potential, and 70%–80% drug encapsulation effi ciency 
( Table    1   and  Figure    3  A). A spherical morphology was observed, 
and mean diameter was confi rmed using transmission elec-
tron microscopy (TEM) imaging (Figure  3 B). The particle size 
of the prepared CSA–DOCA–AMPB/DOX NPs was suitable for 
taking advantage of the EPR effect for the purpose of passive 
tumor targeting. [ 21 ]  In previous reports, self-assembled NPs 
based on amphiphilic hyaluronic acid oligomer and chitosan 
oligosaccharide had a particle size of <200 nm and showed 
in vivo anticancer effi cacy via tumor targeting. [ 19,20,22 ]  There-
fore, the CSA-based NPs discussed herein, which have similar 
physicochemical properties, are expected to also show tumor 
targeting and antitumor effi cacy in vivo. 

   After intravenous injection, NPs may react with plasma pro-
teins and form aggregates in the blood stream. Reaction with 
blood components will interfere with specifi c tumor-targeted 
delivery and result in the distribution of NPs to normal tissues 
and organs. To evaluate the in vitro stability of the prepared NPs 
in the biological fl uids, the particle size of NPs in serum-con-
taining media as well as phosphate buffered saline (PBS, pH 
7.4) was monitored. As shown in Figure S2 (Supporting Infor-
mation), the particle size and size distribution of DOX-loaded 
NPs were measured for 24 h. After incubation for 24 h in PBS 
(pH 7.4) and serum (50% FBS), the initial mean  dia meters of 
NPs were maintained. Particularly, the maintenance of initial 
particle size in serum may ensure effi cient circulation of NPs 
in the blood stream.  
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  Table 1.    Characterization of developed DOX-loaded NPs. 

Composition Mean 
diameter 

[nm]

Polydispersity 
index

Zeta 
potential 

[mV]

Encapsulation 
effi ciency 

[%] a) 

CSA–DOCA/DOX NPs 228.9 ± 2.0 0.22 ± 0.01 −22.58 ± 1.82 80.87 ± 0.18

CSA–DOCA–AMPB/

DOX NPs
205.8 ± 8.2 0.21 ± 0.01 −20.97 ± 0.75 71.71 ± 0.24

    a) = ×Encapsulation efficiency (%)
actual amount of DOX in NPs
input amount of DOX in NPs

100   

  The weight ratio between polymer and drug was 7.5:1.  
  Data are presented as mean ± SD ( n  = 3).   

 Figure 3.    Characterization of CSA–DOCA/DOX NPs and CSA–DOCA–AMPB/DOX NPs. A) Size distribution, plotted as a differential intensity according 
to the mean diameter, of developed NPs is shown. B) TEM images of both NPs groups are presented. The length of the scale bar is 200 nm.
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  2.3.     In Vitro Drug Release 

 DOX release from the NPs was evaluated at different pH 
values. A sustained drug release pattern is a desirable char-
acteristic of parenteral formulations. Compared to drug 
solutions, nanosized formulations generally exhibit a more 
sustained drug release profile and therefore allow a reduced 
dosing frequency and improved pharmacological efficacy. In 
our previous studies, [ 3,19,20,22,23 ]  self-assembled NPs based on 
amphiphilic derivatives of hyaluronic acid oligomer and chi-
tosan oligosaccharide exhibited a sustained release over sev-
eral days. In this investigation, drug release was maintained 
for 5 days, and a sustained release profile was observed 
( Figure    4  ). There was no significant difference in the 
amount of drug released from CSA–DOCA NPs and CSA–
DOCA–AMPB NPs at pH 7.4. AMPB decoration of CSA–
DOCA NPs did not significantly influence their drug release 
pattern. Among the three pH values investigated (pH 5.5, 
6.8, and 7.4), the highest amounts of DOX were released at 
pH 5.5. On day 5, the amount of DOX that was released at 
pH 5.5 was 1.91-fold higher than that at pH 7.4 (as a relative 
ratio). This may be related to the enhancement of DOX solu-
bility and reduction of the interactions between drug and NP 
structure. [ 19 ]  It should be noted that pH 5.5, 6.8, and 7.4 cor-
respond to the pH of endocytic compartments (endosome 
and lysosome), the tumor microenvironment, and normal 
physiological conditions, respectively; therefore, improved 
drug release at an acidic pH (pH 5.5 and 6.8), compared to 
normal physiological pH (pH 7.4), is a desired characteristic 
of NPs for anticancer drug delivery. Higher drug release 
in cancer cells than in normal tissues and organs can lead 
to enhanced antitumor efficacy and reduce unwanted side 
effects. 

    2.4.     In Vitro Cytotoxicity 

 The cytotoxicity of the CSA–DOCA and CSA–DOCA–AMPB 
conjugates was assessed in A549 cells ( Figure    5  ). A549 cells 

have been used as a CD44 receptor-positive cell line to assess 
the tumor-targeting ability of drug delivery systems incorpo-
rating ligands for that receptor. [ 24 ]  After incubating for 24 and 
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 Figure 4.    In vitro DOX release profi les from NPs. The released amounts 
of DOX (%), at pH 7.4, 6.8, and 5.5, are plotted to the incubation time. 
Each point represents the mean ± SD ( n  = 3).

 Figure 5.    Cytotoxicity of CSA–DOCA and CSA–DOCA–AMPB in 
A549 cells. Cell viability (%) was determined by MTS-based assay at 
various polymer concentrations (≈500 µg mL −1 ) after 24, 48, and 72 h 
of incubation. Each point represents the mean ± SD ( n  = 6).  #  p  < 0.05, 
compared to CSA–DOCA group.
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48 h, neither conjugate had induced serious cytotoxicity at any 
of the concentrations tested (~500 µg mL −1 ). However, after 
72 h incubation, the cell viability of the CSA–DOCA-treated 
group decreased to about 56%, while that of CSA–DOCA–
AMPB-treated group was around 92% ( p  < 0.05). Although the 
specifi c mechanism is not revealed yet, attachment of AMPB to 
CSA–DOCA seems to reduce cytotoxicity. Both components of 
CSA–DOCA are classifi ed as biocompatible and both materials 
have been widely used for the fabrication of drug carriers. [ 25–28 ]  
The negligible cytotoxicity of CSA–DOCA–AMPB suggests that 
it can be safely used in injectable formulations for anticancer 
drug delivery. 

    2.5.     In Vitro Cellular Uptake and Antitumor 
Effi cacy Test in 2D Cell Culture Model 

 The cellular distribution and effi ciency of 
DOX uptake in A549 cells were assessed by 
confocal laser scanning microscopy (CLSM) 
and fl ow cytometry ( Figure    6   and Figure S3, 
Supporting Information). CD44 receptor-
mediated endocytosis of chondroitin sulfate-
based NPs has already been reported. [ 16 ]  In 
our investigation, free sialic acid or boronic 
acid (as an AMPB) was added to verify the 
interaction between phenylboronic acid and 
sialic acid and to observe its infl uence on the 
cellular uptake of phenylboronic acid-deco-
rated NPs. As shown in Figure  6  and Figure 
S3 (Supporting Information), the uptake of 
DOX increased in the following order; DOX 
solution, CSA–DOCA/DOX NPs, and CSA–
DOCA–AMPB/DOX NPs. As previously 
reported, [ 22 ]  DOX solution and DOX-loaded 
NPs have different uptake mechanisms: 
passive diffusion versus receptor-mediated 
endocytosis. Nonetheless, NPs group exhib-
ited better cellular uptake effi ciency rather 
than drug solution group due to receptor-
mediated endocytosis. Also, considering the 
higher cellular uptake effi ciency of DOX in 
CSA–DOCA–AMPB NPs group compared to 
CSA–DOCA NPs group ( p  < 0.05), phenylbo-
ronic acid–sialic acid interactions as well as 
CSA–CD44 receptor interactions seemed to 
signifi cantly elevate the extent of drug uptake. 
The pretreatment of free sialic acid or free 
AMPB with CSA–DOCA–AMPB/DOX NPs 
group markedly reduced the drug cellular 
uptake ( p  < 0.05), comparable to that of the 
CSA–DOCA/DOX NPs group (Figure  6  and 
Figure S3, Supporting Information). Complex 
formation between free sialic acid and AMPB 
of NPs seemed to inhibit the binding of 
AMPB-NPs to the cancer cells. This confi rms 
that the interaction between phenylboronic 
acid and sialic acid plays an important role in 
the cellular uptake of AMPB-modifi ed NPs. 

  These cellular distribution and uptake effi -
ciency of the developed AMPB-modifi ed NPs were evaluated by 
in vitro MTS-based assay. As shown in Figure S4 and Table S1 
(Supporting Information), cell viability profi les and IC 50  values of 
DOX solution, CSA–DOCA/DOX NPs, and CSA–DOCA–AMPB/
DOX NPs were acquired after 24, 48, and 72 h of incubation in 
A549 cells. In all groups, cell viability decreased as incubation 
period increased. In particular, the order of cytotoxicity, at 48 and 
72 h incubation groups, was as follows: DOX solution < CSA–
DOCA/DOX NPs < CSA–DOCA–AMPB/DOX NPs ( p  < 0.05). 
These results also implied the contribution of both CSA–CD44 
receptor and phenylboronic acid–sialic acid interactions to the 
improved cellular uptake of CSA–DOCA–AMPB NPs.  
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 Figure 6.    Cellular uptake study in A549 cells, cultured in 2D model, observed by CLSM. 
DOX solution, CSA–DOCA/DOX NPs, and CSA–DOCA–AMPB/DOX NPs (corresponded to 
100 × 10 −6   M  of DOX) were incubated for 1 h in A549 cells. Sialic acid (500 × 10 −6   M ) was pre-
incubated with NPs suspension before adding to the cultured cells. And AMPB (500 × 10 −6   M ) 
was preincubated with the cells prior to the treatment of NPs suspension. Blue and red color 
indicate DAPI and DOX, respectively. The length of bar (red) in the each image is 20 µm.
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  2.6.     Tumor Penetration in a 3D Spheroid Model 

 The tumor penetration effi ciency of the NPs was evaluated 
using an A549 tumor spheroid model and assessed using 
CLSM ( Figure    7   and Figure S5, Supporting Information). 
Amine-functionalized Cy5.5 was used as a fl uorescence dye 
and conjugated to the carboxylic acid groups of CSA via 
amide bond formation. The distribution of Cy5.5-labeled 
CSA–DOCA/DOX NPs and CSA–DOCA–AMPB/DOX NPs 
in the spheroids was observed using CLSM. The Z-stacked 
images of the center of tumor spheroids treated with both NP 
groups are shown (Figure  7 ), and red fl uorescence indicates 
the presence of NPs. The red fl uorescence signal in the CSA–
DOCA–AMPB NP-treated group is stronger than the CSA–
DOCA NP-treated group (Figure  7 ). As shown in Figure S5 

(Supporting Information), AMPB-conjugated NPs group 
exhibited a higher penetration effi ciency into the core of 
tumor spheroids, compared to the AMPB-unmodifi ed NPs 
group, after 0.5, 4, and 24 h of incubation ( p  < 0.05). Cotreat-
ment of sialic acid or AMPB with CSA–DOCA–AMPB NPs 
signifi cantly reduced the penetration of NPs into the sphe-
roids ( p  < 0.05), comparable with that of the CSA–DOCA 
NPs group. Phenylboronic acid located in the surface of NPs 
can react with the sialic acid of cancer cells and form stable 
binding (Figure  1 ). It is known that complex of phenylbo-
ronic acid and sialic acid is based on intramolecular stabili-
zation via a B O bond. [ 12 ]  Boronic acid-rich NPs have been 
shown to exhibit improved DOX penetration effi ciency in 
3D multicellular spheroid (MCS) models. [ 10 ]  Formation of a 
complex of boronic acid and sialic acid can be a driving force 
for the movement of NPs from the periphery of tumors to 
the intermediate region, and ultimately to the necrotic core 
region. Homogeneous intratumoral distribution of drugs and 
macromolecules has been recognized as a key requirement of 
effi cient cancer therapy and is limited by the elevated inter-
stitial pressure in tumors. [ 9 ]  The interaction between boronic 
acid and sialic acid can overcome this interstitial pressure 
and accomplish more homogeneous distribution of drug 
and NPs. It is important to note that the penetration of drug-
loaded NPs to the core region of tumor tissue can inhibit 
tumor growth more effi ciently than drug delivery to more 
peripheral areas of the tumor. 

    2.7.     In Vitro Antitumor Effi cacy in an A549 Multicellular 
Spheroid (MCS) Model 

 The in vitro antitumor effi cacy and enhancement of tumor 
penetration of the NPs was assessed using an A549 MCS 
model. The spheroid model aims to refl ect the characteris-
tics of a tumor mass, and therefore it is regarded as a more 
effi cient model for evaluating cellular uptake and cytotoxicity 
than 2D-cultured cells. [ 29 ]  As shown in  Figure    8  , tumor growth 
suppression was observed in MCSs that had been treated with 
DOX solution or NPs while the tumor mass of the control 
group (no treatment) increased constantly. After culturing for 
4 days, the tumor volume in the various groups decreased in 
the following order of effectiveness; control, DOX solution, 
CSA–DOCA/DOX NPs, and CSA–DOCA–AMPB/DOX NPs 
( p  < 0.05). The addition of sialic acid or AMPB into both CSA–
DOCA/DOX NPs and CSA–DOCA–AMPB/DOX NPs groups 
produced similar antitumor effi cacy with the CSA–DOCA/
DOX NPs group. It also indicated that the improved antitumor 
effi cacy of AMPB-modifi ed NPs, compared to the unmodifi ed 
NPs, was based on the interaction between phenylboronic 
acid and sialic acid. On day 4, the tumor volume of the con-
trol group was 4.34-fold higher than that at the start of the 
experiment. On the contrary, the tumor volume in the CSA–
DOCA–AMPB/DOX NP-treated group on day 4 was reduced 
to 44.7% of its initial size. Treatment with DOX solution also 
resulted in a relative tumor growth suppression effect, and 
tumor volume increased by only 10.6% after 4 d. In agreement 
with the results of the cellular uptake and cytotoxicity studies 
(Figure  6  and Figures S3 and S4, Supporting Information), 
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 Figure 7.    Uptake studies in A549 spheroid model. Penetration of 
Cy5.5-labeled NPs in A549 spheroids was observed by CLSM after 
incubating for 0.5, 4, and 24 h. Sialic acid (500 × 10 −6   M ) or AMPB 
(500 × 10 −6   M ) was pretreated at 24 h incubation group. The length of 
scale bar is 100 µm.
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treatment with DOX-loaded NPs resulted in a larger inhibi-
tory effect of tumor growth than treatment with DOX solution. 
It is interesting to note that the tumor volume in the CSA–
DOCA–AMPB/DOX NP-treated group was 53.7%, compared 
to the CSA–DOCA/DOX NP-treated group on day 4 ( p  < 0.05). 
The results of the in vitro antitumor effi cacy experiments 
using A549 MCS model can also be explained by the increased 
tumor penetration of AMPB-modifi ed NPs (Figure  7  and 
Figure S5, Supporting Information). It can also be explained 
by the receptor-mediated endocytosis mechanisms allowed by 
the CSA–CD44 receptor and phenylboronic acid–sialic acid 
interactions. 

    2.8.     Near-Infrared Fluorescence (NIRF) Imaging 

 The in vivo fate of the DOX-loaded NPs was monitored using 
NIRF imaging ( Figures    9  –  11  ). Cy5.5 was used as a NIRF dye 
and conjugated to the CSA backbone via formation of an 
amide bond. Using an A549 tumor-xenografted mouse model, 
Cy5.5-labeled NPs were injected intravenously, and whole 

body images were scanned over 24 h (Figure  9 ). As shown in 
Figure  9 A, the fl uorescence intensity in the tumor region of 
the CSA–DOCA–AMPB/DOX NP-treated group was signifi -
cantly stronger than that in the CSA–DOCA/DOX NP-treated 
group during the experiment. As time went by, the NPs in 
normal tissues and organs appeared to be excreted, and those 
in tumor region showed a relative increase after 24 h. The 
fl uorescence intensity in the CSA–DOCA–AMPB/DOX NP-
treated group was 80% higher than that in the group treated 
with unmodifi ed NPs (Figure  9 B). The biodistribution of the 
NPs in A549 tumor-xenografted mice was assessed using ex 
vivo NIRF imaging (Figure   10  ). Several organs and tissues, 
including the tumor, were dissected 24 h after injection, and 
Cy5.5-fi ltered images were recorded (Figure  10 A). In the 
CSA–DOCA/DOX NP-treated group, the highest fl uorescence 
signal was detected in the tumor, and considerable intensity 
was observed in the liver (Figure  10 B). The fl uorescence inten-
sity in the CSA–DOCA–AMPB/DOX NP-treated group was 
very strong in the tumor region compared to other tissues and 
organs. A signifi cant difference in fl uorescence signal was 
shown between the tumor regions of both NP-treated groups 
( p  < 0.05). A greater accumulation of NPs in the tumors of the 
CSA–DOCA–AMPB NP-treated group than the CSA–DOCA 
NP-treated group implies that AMPB modifi cation increases 
tumor targeting. With primary tumor targeting based on the 
interaction between CSA and CD44 receptor, the specifi city of 
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 Figure 8.    In vitro antitumor effi cacy tests in A549 spheroid model. A) In 
vitro antitumor effi cacy in A549 spheroid model was evaluated. The optical 
images of spheroids according to the incubation time were observed. The 
length of scale bar is 200 µm. B) The growth profi les of A549 spheroid for 
4 days are shown.  *  p  < 0.05, compared to the other groups.

 Figure 9.    In vivo NIRF imaging study in A549 tumor-xenografted mouse 
model. Cy5.5-labeled CSA–DOCA/DOX NPs and CSA–DOCA–AMPB/
DOX NPs were injected via tail vein. Real-time images were taken at 0 
(pre), 1, 3, 6, and 24 h. A) Scanned images of whole body are presented. 
Red dashed circle indicates tumor region. B) Profi les of fl uorescence 
intensity in tumor region (photon counts per mm 2 ), according to the 
time, are shown. Each point represents the mean ± SD ( n  = 3).
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tumor targeting increases by the complex formation between 
boronic acid and sialic acid. The suitability of the NPs for pas-
sive tumor targeting via the EPR effect (i.e., ≈200 nm mean 
diameter) also contributed to their successful distribution 
to the tumors. This increased accumulation in tumors, and 
the reduced distribution to other tissues and organs would 
be expected to increase therapeutic effi cacy and alleviate 
unwanted side effects. 

    The in vivo tumor penetration effi ciency of the AMPB-
modifi ed NPs was evaluated using NIRF imaging with 3D 
analysis (Figure  11 ). Z-stack images of the tumor mass were 
acquired, and the NIRF intensity was compared in both NP-
treated groups. The fl uorescence intensity of the tumor in 
the CSA–DOCA–AMPB/DOX NP-treated group was 3.1-fold 
higher than that in the CSA–DOCA/DOX NP-treated group 
( p  < 0.05). The relative ratio of fl uorescence intensity in tumor 
site obtained by 3D analysis (Figure  11 ) was higher than that 
in the 2D experiment (Figures  9  and  10 ). This implies effi -
cient movement of the AMPB-modifi ed NPs from the tumor 
periphery to the tumor core. Because of the high interstitial 
pressure in solid tumors, simply arriving on the surface of the 
tumor is not suffi cient for NPs to exert a therapeutic effect. 
Homogeneous distribution of NPs in tumor mass is necessary 
to completely inhibit tumor growth. The improved intracel-
lular uptake and tumor penetration effi ciency of AMPB-mod-
ifi ed NPs observed in A549 cells and MCSs (Figures  6  and  7 ), 
respectively, correlates well with the results of the in vivo 3D 
NIRF imaging (Figure  11 ).  

  2.9.     In Vivo Antitumor Effi cacy 

 The in vivo antitumor effi cacy of the NPs was assessed using 
an A549 tumor-xenografted mouse model ( Figure    12  ). DOX 
solution, CSA–DOCA/DOX NPs, and CSA–DOCA–AMPB/
DOX NPs were intravenously injected into the mouse fi ve 
times. Tumor growth and body weight were then monitored 
for 24 days (Figure  12 ). The tumor volume in the CSA–
DOCA–AMPB/DOX NP-treated group was signifi cantly 
smaller than that in the other groups ( p  < 0.05). Although the 
mean value of body weight in DOX solution-treated group 
was slightly lower than that in the other groups, there was 
no signifi cant difference between the NP-treated groups and 
control group. This indicates the improved safety of the NPs 
compared to treatment with DOX alone. The tumor growth 
inhibition effect that was exerted by AMPB-modifi ed NPs can 
be explained by their excellent in vivo tumor targeting and 
penetration capabilities (Figures  9 – 11 ). Additionally, the sus-
tained drug release pattern and increased tumor penetration 
effi ciency observed for the CSA–DOCA–AMPB/DOX NPs, 

 Figure 11.    Tumor penetration assay observed by in vivo NIRF imaging. 
Cy5.5-labeled CSA–DOCA/DOX NPs and CSA–DOCA–AMPB/DOX NPs 
were injected intravenously to A549 tumor-xenografted mouse model. 
A) Z-stack images of tumor tissues at 24 h postinjection are presented. 
B) Quantitative analyzed fl uorescence intensity in tumor tissue of both 
groups is shown. Data represents the mean ± SD ( n  = 3).  #  p  < 0.05, com-
pared to CSA–DOCA/DOX NPs group.

 Figure 10.    Biodistribution study of Cy5.5-labeled NPs in A549 tumor-
xenografted mouse model by ex vivo NIRF imaging. At 24 h postinjection 
of Cy5.5-labeled CSA–DOCA/DOX NPs and CSA–DOCA–AMPB/DOX 
NPs, several tissues and organs were dissected and their fl uorescence 
intensities were measured. A) NIRF image of dissected organs and tis-
sues in both groups is presented. B) Fluorescence intensity in each organ 
or tissue was quantitatively analyzed and compared to each other. Each 
point represents the mean ± SD ( n  = 3).  #  p  < 0.05, compared to CSA–
DOCA/DOX NPs group.
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 compared to the AMPB-unmodifi ed NPs, in the spheroid 
model also contributed to their improved tumor growth inhi-
bition. Increased apoptosis in the tumor and reduced car-
diac toxicity in the AMPB-modifi ed NP-treated group were 
revealed by a terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) assay of the dissected tumor 
and hematoxylin and eosin (H&E) staining of the dissected 

heart (Figure  12 D). Passive tumor targeting enabled by the 
EPR effect, active tumor targeting enabled by the interaction 
between CSA and CD44 receptor, improved tumor penetra-
tion caused by complex formation between boronic acid and 
sialic acid, and the improved biocompatibility of CSA–DOCA–
AMPB-based NPs make them a promising nanosystem for 
cancer therapy and diagnosis. 

 Figure 12.    In vivo antitumor effi cacy test in A549 tumor-xenografted mouse model. A) Tumor volume (mm 3 ) profi les according to time (days) are 
presented. DOX solution, CSA–DOCA/DOX NPs, and CSA–DOCA–AMPB/DOX NPs were injected intravenously on day 12, 14, 16, 18, and 20. B) Body 
weight (g) was monitored with tumor size for 24 days. C) Image of tumor in each group on day 24 is exhibited. Data represent mean ± SD ( n  = 4). 
 *  p  < 0.05, compared to the other groups. D) Histological assays of dissected tumor and heart. Tumor and heart were dissected from mice on day 24 after 
treatment with DOX solution, CSA–DOCA/DOX NPs, and CSA–DOCA–AMPB/DOX NPs. H&E staining of tumor (I) and heart (III) and TUNEL assay 
of tumor (II) were done and their microscopic images are presented.
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     3.     Conclusion 

 Phenylboronic acid-rich, self-assembled NPs based on CSA–
DOCA were fabricated to selectively deliver DOX to tumors. 
AMPB was attached to the CSA–DOCA conjugate and DOX-
loaded NPs made from CSA–DOCA–AMPB with 206 nm mean 
diameter, narrow size distribution, negative zeta potential, 
and high drug encapsulation effi ciency were prepared. DOX 
release from CSA–DOCA–AMPB NPs was higher at acidic 
pH (pH 5.5 and 6.8) than that at physiological pH (pH 7.4). 
CSA–DOCA–AMPB NPs exhibited improved cellular uptake 
in A549 cells and tumor penetration in A549 spheroids com-
pared to CSA–DOCA NPs due to the interaction with sialic 
acid in the tumor tissue. In vivo tumor targeting based on the 
interaction between CSA and CD44 receptor was observed in 
A549 tumor-xenografted mice, and penetration of NPs into the 
core region of tumor mass was observed using NIRF imaging. 
Tumor targeting and penetration with CSA–DOCA–AMPB 
NPs were evidenced by improved tumor growth inhibition in 
a tumor-xenografted mouse model. These fi ndings reveal that 
CSA–DOCA–AMPB NPs that can interact with both CD44 
receptors and sialic acid may be a promising nanosystem for 
cancer theranosis.  

  4.     Experimental Section 
  Materials : CSA (37 kDa average molecular weight), DOCA, AMPB, 

EDC, NHS, triethylamine (TEA), agarose, and deuterium oxide (D 2 O) 
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). DOX HCl 
was obtained from Boryung Pharmaceutical Co., Ltd. (Seoul, Korea). 
The NIRF dye, FCR-675 amine (Cy5.5-amine), was purchased from 
BioActs (DKC Corp., Incheon, Korea). Dimethyl sulfoxide-d 6  (DMSO-
d 6 ) was purchased from Cambridge Isotope Laboratories, Inc. (Andover, 
MA, USA). DMSO was bought from Daejung Chemicals & Metals 
Co., Ltd. (Seoul, Korea). RPMI 1640 cell culture medium, penicillin, 
streptomycin, and fetal bovine serum (FBS) were obtained from Gibco 
Life Technologies, Inc. (Carlsbad, CA, USA). All other reagents were of 
analytical grade. 

  Synthesis and Characterization of CSA – DOCA – AMPB : DOCA-
conjugated CSA (CSA–DOCA) was synthesized through amide bond 
formation. DOCA was modifi ed with ethylenediamine to form EtDOCA 
to allow further reaction with the carboxylic acid group of CSA. Briefl y, 
DOCA (1.177 g) was dissolved in methanol (MeOH; 5 mL), into which 
hydrochloric acid (184 µL) was added. The mixture was stirred and 
refl uxed for 6 h at 60 °C, followed by concentration on a rotary evaporator 
and complete drying under vacuum. The resulting white powder was 
washed with ice-cold water and lyophilized to obtain methyldeoxycholate 
(DOCA-OMe). Then, DOCA-OMe was dissolved in ethylenediamine 
(50 molar equivalents). The solution was stirred for 8 h at 120 °C under 
refl ux, before being cooled down to room temperature. The mixture was 
precipitated with water and fi ltered. The fi ltrate, EtDOCA, was further 
washed with an excess amount of water three times and freeze-dried. 
Subsequently, CSA was hydrophobically modifi ed with EtDOCA to 
produce amphiphilic CSA–DOCA. In brief, CSA (100 mg) was dissolved 
in formamide (20 mL) at 80 °C and cooled down to room temperature. 
EDC (36.8 mg) and NHS (61.3 mg) were added to the CSA solution. 
The mixture was stirred for 20 min at room temperature to activate 
the carboxylic acid groups of CSA. Then, EtDOCA (34.8 mg) dissolved 
in dimethylformamide (DMF; 20 mL) was slowly added to the CSA 
solution. The reaction mixture was stirred for 20 h at room temperature, 
dialyzed against a mixture of water and methanol (25%–100%, v/v) 
for 3 days, and lyophilized. The resulting white powder, CSA–DOCA, 
was stored at 2–8 °C for further experiments. CSA–DOCA–AMPB was 

synthesized by attaching AMPB to CSA–DOCA. CSA–DOCA (100 mg) 
was dissolved in a mixture of DMSO and water (20 mL; 3:1, v/v). 
EDC (23.0 mg) and NHS (13.8 mg) were added, and the mixture was 
stirred for 20 min to activate the carboxylic acid groups of CSA–DOCA. 
Meanwhile, AMPB (7.5 mg) was dissolved in a mixture of DMSO and 
water (20 mL; 3:1, v/v) and added slowly to the activated CSA–DOCA 
solution. The reaction mixture was stirred for 20 h at room temperature, 
dialyzed against water for 2 days, and lyophilized. The resulting white 
powder, CSA–DOCA–AMPB, was stored at 2–8 °C for further use. For 
the evaluation of AMPB content in CSA–DOCA–AMPB,  1 H-NMR (Varian 
FT-500 MHz; Varian, Inc., Palo Alto, CA, USA) was used. CSA–DOCA, 
AMPB, and CSA–DOCA–AMPB were dissolved in a mixture of DMSO-d 6  
and D 2 O (3:1, v/v) for  1 H-NMR analysis. 

  Preparation and Characterization of DOX-Loaded NPs : DOX base was 
used as a model hydrophobic drug in this investigation. As previously 
reported, [ 19 ]  DOX base was prepared by dissolving DOX HCl (100 mg) 
in DMSO (10 mL) with TEA (0.12 mL). After 12 h of stirring at room 
temperature, the solution was lyophilized and dried. To prepare DOX-
loaded CSA–DOCA and CSA–DOCA–AMPB NPs, DOX (1 mg) and 
each polymer (7.5 mg) were dissolved in a mixture of DMSO and 
water (1 mL; 1:1, v/v), and the solvent was evaporated under an N 2  
gas stream for 5 h at 70 °C. The drug and polymer composite fi lm was 
resuspended in distilled water (DW; 1 mL) and fi ltered through a syringe 
fi lter (0.45 µm pore size; Minisart RC 15, Sartorius Stedim Biotech 
GmbH, Goettingen, Germany). To measure the encapsulation effi ciency 
of DOX, the dispersion of NPs was disrupted with DMSO (50 times 
volume), and the drug content was analyzed using high-performance 
liquid chromatography (HPLC) system (Waters Co., Milford, MA, USA). 
It was equipped with a reverse phase C18 column (Xbridge RP18, 250 × 
4.6 mm, 5 µm; Waters Co.), a separation module (Waters e2695), and 
fl uorescence detector (Waters 2475). The mobile phase was composed 
of 10 × 10 −3   M  potassium phosphate buffer (pH 2.5, adjusted with 
phosphoric acid) and acetonitrile with 0.1% TEA (71:29, v/v), and the 
fl ow rate was set to 1.0 mL min −1 . The injection volume was 20 µL, and 
the eluent was monitored at the excitation and emission wavelengths of 
470 and 565 nm, respectively. The morphology of the DOX-loaded NPs 
was observed using TEM (JEM 1010; JEOL, Tokyo, Japan). The samples 
were stained with 2% (w/v) phosphotungstic acid solution, placed on 
the copper grid coated with carbon fi lm, and dried at room temperature. 
The particle size, polydispersity index, and zeta potential of the NPs 
were measured using electrophoretic light scattering (ELS-Z; Otsuka 
Electronics, Tokyo, Japan) according to the manufacturer’s protocol. 

  In Vitro Drug Release : The DOX release behavior from DOX-loaded 
CSA–DOCA and CSA–DOCA–AMPB NPs was evaluated. Aliquots 
(150 µL) of NPs dispersions were loaded into mini-GeBAfl ex tubes 
(14 kDa molecular weight cutoff; Gene Bio-Application Ltd., Kfar 
Hanagide, Israel). Each dialysis tube was immersed into phosphate-
buffered saline (PBS; 10 mL; pH 7.4 for CSA–DOCA NPs, and pH 5.5, 
6.8, or 7.4 for CSA–DOCA–AMPB NPs, adjusted with phosphoric acid) 
and agitated at 50 rpm at 37 °C. Aliquots (200 µL) of the release media 
were collected at predetermined times (1, 2, 4, 6, 8, 24, 48, 72, 96, and 
120 h), and the same volume of fresh medium was replenished at each 
time point. The amount of drug released was determined using the 
above-mentioned HPLC method. 

  In Vitro Cytotoxicity : A549 cells (human lung adenocarcinoma cell; 
Korean Cell Line Bank, Seoul, Korea) were cultured in RPMI 1640, 
containing  L -glutamine (300 mg L −1 ), supplemented with 10% (v/v) heat 
inactivated FBS, 1% (v/v) penicillin (100 U mL −1 ), and streptomycin 
(0.1 mg mL −1 ). Cells were maintained in a 5% CO 2  atmosphere 
with 95% relative humidity at 37 °C and trypsinized at 70%–80% 
confl uency for the following cellular uptake studies. The cytotoxicity of 
CSA–DOCA and CSA–DOCA–AMPB conjugates was evaluated using 
a [3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt] (MTS) assay. A549 cells were seeded onto 
96-well plates at a density of 1.0 × 10 4  cells per well and incubated with 
various concentrations (1, 2, 5, 10, 20, 50, 100, 200, and 500 µg mL −1 ) 
of each conjugate. After incubating for 24, 48, or 72 h at 37 °C, the cells 
were treated with CellTiter 96 AQ ueous  One Solution Cell Proliferation 
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Assay Reagent (Promega Corp., Madison, WI, USA) and incubated for 
an additional 4 h at 37 °C according to the manufacturer’s instructions. 
The absorbance was measured at a wavelength of 490 nm using a UV–
vis spectrophotometer (EMax Precision Microplate Reader, Molecular 
Devices Corp., Sunnyvale, CA, USA). 

  Cellular Uptake in the Cell Culture Model : A549 cells were cultured 
using the same conditions as described previously. Cellular distribution 
of drug was assessed using CLSM. A549 cells were seeded on culture 
slides (BD Falcon, Bedford, MA, USA) at a density of 1.0 × 10 5  cells per 
well (surface area of 1.7 cm 2  per well, four-chamber slides) and incubated 
overnight at 37 °C. DOX solution or DOX-loaded NPs suspension 
(corresponding to 100 × 10 −6   M  DOX concentration) was added to the 
cells. To verify the interaction between AMPB and sialic acid, sialic acid 
(500 × 10 −6   M ) was preincubated with the NPs suspensions and added to 
the cells, and AMPB (500 × 10 −6   M ) was preincubated with the cells prior 
to adding NPs suspension to the cells, respectively. Cells were incubated 
for 1 h, washed with PBS (pH 7.4) three times, and fi xed in 4% (v/v) 
formaldehyde solution for 10 min. They were then dried under an air 
stream, and VECTASHIELD mounting medium with 4′,6-diamidino-2-
phenylindole (DAPI; H-1200, Vector laboratories, Inc., CA, USA) was 
added to the culture slides. Cells were observed using CLSM (LSM 710, 
Carl-Zeiss, Thornwood, NY, USA). 

  Tumor Penetration in a 3D Spheroid Model : For the preparation of 
MCSs, A549 cells, at a density of 500 cells per well, were seeded onto 
round-bottomed 96-well plates coated with a thin layer of agarose (2% 
[w/v] in Hank’s balanced salt solution) and cultured in the same culture 
medium as described previously. The cells were incubated in 5% CO 2  
atmosphere with 95% relative humidity at 37 °C with gentle agitation, 
and the culture medium was replaced every other day. A549 MCSs were 
harvested after 5–7 days when reaching a diameter of around 500 µm. [ 10 ]  
To evaluate the tumor penetration of CSA–DOCA and CSA–DOCA–
AMPB NPs into MCSs, the NPs were labeled with Cy5.5, a NIRF probe, 
and their distribution within MCSs was observed using CLSM. Cy5.5-
amine was conjugated to the carboxylic acid group of the CSA backbone 
via amide bond formation. CSA–DOCA (50 mg) or CSA–DOCA–AMPB 
(50 mg) was dissolved in a mixture of water and DMSO (25 mL; 1:1, 
v/v). EDC (168.1 mg) and NHS (20.5 mg) were added. After stirring 
at room temperature for 15 min, Cy5.5-amine (0.2 mg) dissolved in 
DMSO (0.2 mL) was slowly added, and the solution was stirred for 24 h. 
The resultant mixture was dialyzed against water for 2 days and then 
lyophilized. The MCSs were incubated with Cy5.5-labeled CSA–DOCA 
or CSA–DOCA–AMPB NPs at a concentration of 5 µg mL −1  for 0.5, 4, 
and 24 h. The Cy5.5 concentration was determined using a fl uorescence 
spectrophotometer (SpectraMax M5 multimode microplate reader, 
Molecular Devices Corp.) at excitation and emission wavelengths of 
675 and 700 nm, respectively. Sialic acid (500 × 10 −6   M ) or AMPB 
(500 × 10 −6   M ) was cotreated with CSA–DOCA NPs and CSA–DOCA–
AMPB NPs groups. After incubating, MCSs were washed with PBS (pH 
7.4) three times and fi xed with 4% (v/v) formaldehyde solution for 10 
min. The MCSs were then placed onto a coverslip bottom dish and 
observed using CLSM (LSM 710, Carl-Zeiss). 

  In Vitro Antitumor Effi cacy Test Using an A549 MCS Model : To prepare 
A549 MCSs, cells were seeded onto round-bottomed 96-well plates, 
coated with a thin layer of agarose (2% [w/v] in Hank’s balanced salt 
solution) at a density of 500 cells per well, and cultured in the same 
culture medium as described previously. They were incubated in 5% CO 2  
atmosphere with 95% relative humidity at 37 °C with gentle agitation, 
and the culture medium was replaced every other day. When the 
diameter of MCS reached around 300 µm, DOX solution or DOX-loaded 
NPs (corresponding to 50 µg mL −1  DOX concentration) was added and 
incubated for 24 h. To demonstrate the interaction between AMPB and 
sialic acid, sialic acid (500 × 10 −6   M ) was preincubated with the NPs 
suspensions and added to the spheroids, and AMPB (500 × 10 −6   M ) was 
preincubated with the spheroids prior to adding NPs suspension to the 
spheroids, respectively. After removing the drug solution or drug-loaded 
NPs, fresh cell culture media was added and replaced every other day. 
Morphology of A549 MCS was observed using inverted fl uorescence 
microscopy (IX70, Olympus, Tokyo, Japan) over 4 days. The volume 

( V , mm 3 ) of spheroid was calculated with the following formula:  V  = 
0.5 × longest diameter × (shortest diameter) 2 . 

  Real-Time NIRF Imaging : For the NIRF imaging study, Cy5.5-
conjugated CSA–DOCA or CSA–DOCA–AMPB NPs were injected into 
A549 tumor-bearing mice and fl uorescence intensities were scanned 
using an Optix MX3 (ART Advanced Research Technologies, Inc., Saint-
Laurent, Canada). To prepare the A549 tumor-xenografted mouse model, 
female BALB/c nude mice (5-weeks-old, Charles River, Wilmington, 
MA, USA) were used. Mice were maintained in a light-controlled room 
kept at a temperature of 22 ± 2 °C with a relative humidity of 55% ± 5% 
(Animal Center for Pharmaceutical Research, College of Pharmacy, Seoul 
National University, Korea). The experimental protocols for the animal 
study were approved by the Animal Care and Use Committee of the 
College of Pharmacy, Seoul National University. A suspension of A549 
cells (2 × 10 6  cells in 0.1 mL cell culture media) was injected into the 
back of the mice. NIRF imaging was performed on mice with a tumor 
volume of 150−200 mm 3 . The tumor volume ( V , mm 3 ) was calculated 
using the following formula:  V  = 0.5 × longest diameter × (shortest 
diameter) 2 . Cy5.5-labeled CSA–DOCA or CSA–DOCA–AMPB NPs were 
injected into the tail vein of the mouse at a dose of 0.12 mg kg −1  (Cy5.5 
amount per body weight). A laser diode with a wavelength of 670 nm 
was used for the excitation of Cy5.5. Fluorescence intensities were 
scanned at 1, 3, 6, and 24 h postinjection. The tumor-bearing mice 
were euthanized, and their organs (liver, kidneys, spleen, heart, and 
lungs) and tumors were dissected for ex vivo imaging to monitor the 
biodistribution of NPs. To compare the penetration and retention of 
NPs in tumor tissue, volumetric data were generated using OptiView 
3D Reconstruction module (version 3.2; ART Advanced Research 
Technologies, Inc.), which can construct fl uorescence intensity in 3D 
space from time-resolved fl uorescence measurements. The fl uorescence 
intensity of the region of interest (ROI) (i.e., the tumor tissue) was 
reconstructed three-dimensionally, and the penetration into the tumor 
tissue was estimated by comparing the sliced planes of the ROI. 

  In Vivo Antitumor Effi cacy : To prepare the A549 tumor-bearing 
mouse model, female BALB/c nude mice (5-weeks-old, Charles River) 
were used. Mice were maintained in a light-controlled room kept at a 
temperature of 22 ± 2 °C with a relative humidity of 55% ± 5%. The 
experimental protocols used in these animal studies were also approved 
by the Animal Care and Use Committee of the College of Pharmacy, 
Seoul National University. An A549 cell suspension (2 × 10 6  cells in 
0.1 mL cell culture media) was subcutaneously injected into the back of 
the mice. After the tumor volume reached 50–100 mm 3 , tumor size and 
body weight were measured. The tumor volume (mm 3 ) was calculated 
as  V  = 0.5 × longest diameter × (shortest diameter) 2 . The experimental 
groups were as follows: control, DOX solution-treated, CSA–DOCA/DOX 
NP-treated, and CSA–DOCA–AMPB/DOX NP-treated. DOX (at a dose of 
5 mg kg −1  as DOX) was injected intravenously into each mouse on day 
12, 14, 16, 18, and 20. The tumor volumes and body weights of the mice 
were measured for 24 days. The tumors and hearts were then dissected 
at the end of the test for histological staining. Those were fi xed with 4% 
(v/v) formaldehyde for 1 day, and 6 µm sections were deparaffi nized 
and hydrated with ethanol. The tumors and hearts were also stained 
with H&E according to the standard procedure. The apoptotic effect 
was evaluated by TUNEL assay. Chromogen diaminobenzene (DAB) 
was incubated for color development for detecting DNA fragmentation 
resulting from apoptotic signaling cascades. 

  Statistical Analysis : All experiments in this study were performed at 
least three times, and the data are represented as the mean ± standard 
deviation (SD). Statistical analyses were carried out using a two-tailed 
 t -test or analysis of variance (ANOVA), and  p  < 0.05 was considered 
signifi cantly different.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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