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Possible contribution of sialic acid
to the enhanced tumor targeting
efficiency of nanoparticles
engineered with doxorubicin

SongYi Lee'%3, Suyeong Nam'-3, Ja Seong Koo?, Sungyun Kim?, Mingyu Yang?, Da In Jeong?,
ChaeRim Hwang?, JiHye Park* & Hyun-Jong Cho'**

Doxorubicin (DOX)-engineered poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) including
phloretin (PHL) were designed and the feasible contribution of sialic acid (SA) to the improved tumor
targeting and penetration capabilities was elucidated in lung adenocarcinoma models. DOX has been
clinically used as liposomal formulations after its introduction to the inner side of vehicles, however
DOX is anchored in the outer surface of PLGA NPs for improved tumor penetration by interactions
with SA in this study. DOX (positively charged at physiological pH) was adsorbed onto the negatively
charged PLGA NPs via electrostatic interactions and consequent binding of SA (negatively charged at
physiological pH) to DOX located in NPs was also elucidated. DOX layer in DOX@PLGA NPs rendered
improved endocytosis and partial contribution of SA (expressed in cancer cells) to that endocytosis
was demonstrated. DOX@PLGA/PHL NPs provided enhanced antiproliferation potentials in A549 cells
rather than single agent (DOX or PHL)-installed NPs. In addition, DOX-SA interactions seemed to play
critical roles in tumor infiltration and accumulation of DOX@PLGA NPs in A549 tumor-xenografted
mouse model. All these findings support the novel use of DOX which is used for the surface
engineering of NPs for improved tumor targeting and penetration.

There have been a lot of advances in the development of nanomedicines for cancer imaging and therapy'~*. Accu-
rate tumor-targeted drug delivery is very crucial for elevating anticancer efficacies and minimizing unwanted
toxicities in cancer therapy. Around tumor tissues, leaky vascular structures due to poor differentiation and
immature lymphatic drainage may allow for the extravasation of macromolecules or nanomaterials'®!!. Nano-
structures with hundreds of nanometers can be easily transferred to tumor tissue via an enhanced permeability
and retention (EPR) effect which is known as a passive targeting approach!>!?. Based on the passive tumor
targeting method, several nanomedicines (i.e., Genexol-PM, Abraxane, and Doxil) got approval for clinical
application in cancer therapy'*. However, there are some mixed responses against the usefulness of EPR effect in
clinics mainly due to differences in the anatomical structures of human and experimental animals'®. Therefore,
active tumor targeting methods (i.e., ligand-receptor interactions) have been devised as one of more elaborated
drug delivery approaches'®.

These passive and active targeting methodologies may be governed by physicochemical properties of materi-
als and nanostructures as well as the biological aspects of tumor tissues'®. Various kinds of materials have been
screened for their application to the design of tumor-targeted nanosystems'’~2*. Amid so many types of materials,
poly(lactic-co-glycolic acid) (PLGA) has been widely used due to its biocompatibility and biodegradability>*>.
PLGA can be degraded into lactic acid (LA) and glycolic acid (GA), then participating in the metabolic pathway
in the body?>?. PLGA has been approved by the European Medicine Agency and the United States Food and
Drug Administration for injection dosage forms?. Along with safety factors, PLGA-based nanostructures have
been conveniently engineered for maximizing tumor targeting capability and drug delivery efficiency>*. Small
molecules, peptides, proteins, and nucleic acids can be chemically linked or physically adsorbed to the outer
surface of PLGA-based NPs to provide tumor targeting and therapeutic capabilities?®-*!. In spite of hydrophobic
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Figure 1. Schematic illustration of SA-assisted tumor targeting strategy of DOX@PLGA/PHL NPs.

nature of PLGA, hydrophilic or hydrophobic drug cargos can be coated to the outer layer of PLGA NPs or loaded
to the internal space of PLGA NPs’.

In this investigation, doxorubicin HCI (DOX)-engineered PLGA NPs (DOX@PLGA NPs) containing phlo-
retin (PHL) were designed for the enhancement of tumor targeting and penetrating potentials. Although the
application of DOX-hydroxyapatite-PLGA nanocomposites to the treatment of cancer has been reported®, the
targeting and penetrating capabilities of DOX to tumor tissues were not investigated yet. The pK, value of primary
amine group included in DOX is known as 8.2-9.9%-%, therefore it will behave as a cationic molecule at acidic
and neutral pH. In addition, among so many molecules overexpressed in cancer cells, sialic acid (SA) has been
used as one of representative tumor targets which can be associated with ligands (i.e., phenylboronic acid)?!**7.
Upregulation of terminal SA structure has been regarded as a hallmark of cancer and it may reduce the adhesion
of tumor cells to the extracellular matrix and block detection by alternative complement activation pathway**.
The pK, value of carboxylic acid group in SA is 2.6 and it may exhibit an negative charge at physiologically pH*.
Therefore, electrostatic interactions between positively charged DOX (located in the surface of DOX@PLGA
NPs) and negatively charged SA (present in cancer cells) may contribute to the selective endocytosis of DOX-
engineered PLGA NPs in SA-overexpressed cancer cells. Contrary to the incorporated DOX molecules in the
liposomal structures (i.e., Doxil) which are clinically available, externally attached DOX onto NPs is expected
to provide tumor targeting and penetrating capabilities as well as chemotherapeutic efficacies in tumor tissues.
Moreover, PHL is believed to amplify the anticancer potentials by the inhibition of glucose transport in can-
cer cells. To the best of our knowledge, dual roles (association with SA for tumor targeting and combination
anticancer effects) of DOX were first introduced to chemotherapy of cancers in this study. Optimization of the
distribution of DOX in the surface of PLGA NPs may enhance anticancer efficacies by tumor targeting and its
own chemotherapeutic natures without severe toxicities following intravenous administration. Physicochemical
and biological functions of DOX-engineered PLGA NPs including PHL will be systemically assessed in this study.

Results and discussion

Fabrication and physicochemical properties of NPs. PHL was loaded to PLGA NPs as an anticancer
agent and DOX was coated onto the outer layer of PLGA/PHL NPs aiming at elevated cellular accumulation,
tumor infiltration, and antiproliferation in this study (Fig. 1). Both poorly water-soluble PLGA and PHL can
form nano-sized particles via an emulsification-solvent evaporation method*'. Around the neutral pH range,
DOX was conveniently adsorbed onto the outer layer of PLGA/PHL NPs via an electrostatic interaction between
positive charge of DOX and negative charge of PLGA/PHL NPs. DOX was introduced to the outer surface of
PLGA/PHL NPs for improved tumor targeting and penetration probably based on DOX-SA interactions in this
study.

The existence of DOX in the outer layer of PLGA NPs was verified by X-ray photoelectron spectroscopy
(XPS) analysis and fluorescence measurement (Fig. 2A and 2B). The existence of DOX in the exterior part of
developed NP structure was further investigated with XPS analysis (Fig. 2A). XPS data of NP samples can reveal
the types and contents of atoms located in the outer layers*>-%. In case of PLGA, it is composed of only C, H, and
O atoms thus peaks for C 1 s and O 1 s were shown in the profile of PLGA NPs group. On the contrary, DOX@
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Figure 2. Identification of DOX coating onto PLGA NPs and their interactions with SA. (A) XPS data of
PLGA NPs, DOX@PLGA NPs, and DOX@PLGA NPs (after incubation at pH 5.5). Binding energy-dependent
counts/s values are shown. Atomic contents are presented in the graph. (B) Fluorescence intensity profiles of
DOX (0.25—10 pg/ml), DOX@PLGA NPs, and DOX@PLGA/PHL NPs. Emission spectra (500—700 nm) of all
samples at 480 nm excitation wavelength are shown. (C) Incubation time-dependent zeta potential values of
PLGA NPs and DOX@PLGA NPs after mixing with SA. Zeta potential (mV) values at each determined time (0,
10, 20, 30, and 120 min) are shown. Each point indicates the mean +SD (n=3). *p <0.05, compared with PLGA
NPs group. (D) XPS data of DOX@PLGA NPs after incubating with SA. Atomic contents are present in the
graph.

PLGA NPs group exhibited the existence of N 1 s and CI 2p which may be originated from adsorbed DOX HCl
molecules. Together with showing up of N 1 s and CI 2p, the alteration in contents of C 1 s and O 1 s indicates
the location of DOX molecules on the outer surface of NPs. Following incubation at pH 5.5 which implying
the internal pH of cancer cells, the atomic percentage of N 1 s was attenuated and those of C 1 sand O 1 s were
also altered. Attached DOX HCI molecules seem to be liberated at pH 5.5 (due to its higher solubility at acidic
pH rather than neutral pH) and it affects the atomic composition of designed DOX@PLGA NPs. It may further
support the DOX release in the cancer cells following entry of fabricated DOX@PLGA NPs.

By using the fluorescence property of DOX, the contents of DOX in DOX@PLGA NPs and PHL-loaded
DOX@PLGA NPs (DOX@PLGA/PHL NPs) were quantitatively determined (Fig. 2B). Emission spectra (at fixed
excitation wavelength) of DOX standard samples, DOX@PLGA NPs, and DOX@PLGA/PHL NPs were acquired
and fluorescence intensity at 589.5 nm emission wavelength was used for the calculation of DOX contents in
developed NPs. The contents of DOX in DOX@PLGA NPs and DOX@PLGA/PHL NPs were 6.8% and 4.6%,
respectively. Electrostatic interactions between cationic DOX and anionic PLGA NPs can be one of major drug
adsorption mechanisms onto the outer layer of NP structures. Both XPS and fluorescence spectroscopy data
imply the successful introduction of DOX onto the PLGA NPs in this study.

Interactions between DOX (in DOX@PLGA NPs) and SA (as a free molecule) were verified by zeta potential
measurement and XPS analyses (Fig. 2C and 2D). Before mixing with SA solution, mean zeta potential values
of PLGA NPs and DOX@PLGA NPs were —13.7 mV and - 10.9 mV, respectively (Fig. 2C). DOX coating onto
PLGA NPs rendered less negative charge due to the cationic property of DOX (p <0.05). After blending with
SA solution, PLGA NPs group exhibited no significant difference in zeta potential values irrespective of the
incubation time. However, the zeta potential value of DOX@PLGA NPs at 10 min (- 18.9 mV) was significantly
far from the neutral value rather than that of 0 min group (- 10.9 mV) (p<0.05). It implies the adsorption of
SA onto the DOX@PLGA NPs probably based on electrostatic interactions between DOX and SA. At longer
incubation time, the zeta potential value of DOX@PLGA NPs group moved to neutral charge, indicating the
dissociation of SA sheath from DOX@PLGA NPs. PLGA can be degraded by the hydrolysis of its ester linkage
in the aqueous environment and it can be lead to the degradation of NPs. Therefore, SA sheath can be detached
from the surface of NPs and the zeta potential value shifted to the neutral charge in longer incubation time. The
coating of SA onto the DOX@PLGA NPs was also investigated by XPS analysis (Fig. 2D). Compared to XPS data
of DOX@PLGA NPs group (Fig. 2B), the atomic contents of C 1s, O 1s, and N 1s were changed and that of Cl 2p
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Size
distribution

Formulation Mean diameter (nm) | Polydispersity index | Zeta potential (mV) | PHL encapsulation efficiency (%)*
PLGA/PHL NPs 211+19 0.14+0.04 -159+2.0 56.5+0.4
DOX@PLGA/PHL NPs 221+11 0.18£0.02 -84+0.7* 42.4+0.3

Table 1. Particle characterization of NPs. *p <0.05, compared with PLGA/PHL NPs. Data are shown

as mean + standard deviation (SD) (n=3). NPs were dispersed in DW at 5 mg/ml.
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Figure 3. Particle properties of developed NPs. (A) Size distribution profiles, SEM images, and TEM images of
PLGA/PHL NPs and DOX@PLGA/PHL NPs. Diameter-dependent differential intensity (%) profiles are shown
as size distribution diagrams. (B) Incubation time-dependent particle size values of DOX@PLGA/PHL NPs in
different media (DW, PBS (pH 7.4), and FBS (50%, v/v)). Each point indicates the mean+ SD (n=3). Particle
size distribution profiles, shown as diameter-dependent differential intensity values, of DOX@PLGA/PHL NPs
in PBS (pH 7.4) and FBS (50%, v/v) mixture are shown. (C) Release profiles of PHL and DOX from PLGA/PHL
NPs and DOX@PLGA/PHL NPs at pH 7.4 and 5.5. Each point indicates the mean+SD (n=3).

was not detected in (DOX@PLGA NPs + SA) group. Considering the chemical structure of SA, it also supports
the existence of SA in the outer layer of (DOX@PLGA NPs + SA) group.

Aiming at passive tumor targeting (principally related to EPR effect), particles were designed to have nano-
size range in this study. By introducing conventional emulsification-solvent evaporation method*#!, PLGA-based
NPs containing hydrophobic drug (PHL in this study) were successfully fabricated. Hydrodynamic size and
polydispersity index values of DOX@PLGA/PHL NPs were 221 nm and 0.18, respectively (Table 1). In DOX@
PLGA/PHL NPs group, the zeta potential value was manifestly moved to neutral value compared to PLGA/PHL
NPs group mainly due to the adsorption of cationic DOX molecules onto the outer layer of NPs (p <0.05). As
shown in Fig. 3A, unimodal size distribution pattern was observed in both PLGA/PHL NPs and DOX@PLGA/
PHL NPs groups. Scanning electron microscope (SEM) and transmission electron microscopy (TEM) images
also indicate the spherical shape and corresponding similar mean diameter (observed by dynamic light scatter-
ing (DLS) method) of both NPs groups (Fig. 3A). The maintenance of constant particle size of DOX@PLGA/
PHL NPs in different media was investigated (Fig. 3B). The initial hydrodynamic size of DOX@PLGA/PHL NPs
was maintained even after incubating in distilled water (DW), phosphate-buffered saline (PBS, pH 7.4), or fetal
bovine serum (FBS) for 24 h. Unimodal particle size distribution pattern was also shown in PBS (pH 7.4) and
FBS (50%, v/v) groups at 24 h. Constant particle size of DOX@PLGA/PHL NPs in PBS (pH 7.4) and FBS (50%,
v/v) may imply the absence of aggregation or agglomeration of NPs in the biological fluids (i.e., blood) after
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intravenous injection. It may guarantee the efficient passive tumor targeting strategy which is mainly governed
by the physicochemical properties of particles and the anatomical structures of cancer tissues.

PHL and DOX release patterns from designed NPs were tested at pH 7.4 and 5.5 (Fig. 3C), indicating the
normal physiological conditions and intracellular environment of cancer cells. Sustained drug release patterns
were observed during the testing period in both formulation groups. DOX coating onto the surface of PLGA/
PHL NPs did not evidently affect the release pattern of PHL in this study. In addition, pH value (pH 7.4 vs 5.5)
of release media did not significantly influence on the release profiles of PHL from both types of NPs. On the
contrary, DOX release from DOX@PLGA/PHL NPs was elevated at pH 5.5 rather than pH 7.4, probably due
to its higher solubility in acidic pH?'. It indicates the selective detachment of DOX from the outer surface of
NPs and its consecutive release inside the cancer cells (pH 5.5) rather than the other normal organs and tissues
(pH 7.4). The release rate of adsorbed DOX was relatively slow and it might be due to its another salt formation
in PBS (used as a release medium in this study). Together with this, slow diffusion of DOX across the dialysis
membrane as estimated from the diffusion data of free DOX (Fig. S1) also might contribute to the sustained
release of DOX from designed DOX@PLGA/PHL NPs¥. Observed sustained drug release property may attribute
to the reduction of dosing frequency and improvement of patient compliance.

Cellular internalization and localization. Enhanced cellular accumulation of PLGA NPs by DOX coat-
ing and the feasible contribution of SA, which is overexpressed in cancer cells rather than healthy cells, was
assessed by flow cytometry and confocal laser scanning microscopy (CLSM) imaging analyses (Fig. 4). For fluo-
rescence detection of designed NP structures, 1,1'-dioctadecyl-3,3,3',3"-tetramethylindocarbocyanine perchlo-
rate (Dil) was encapsulated in PLGA NPs as a fluorescence dye. Dil was successfully entrapped in PLGA NPs
and the intracellular movement of NPs can be estimated from the fluorescence signals of Dil as reported*#5->1,
In current testing conditions, Dil group exhibited much higher fluorescence intensity compared to DOX group
in both A549 and NIH3T3 cells (Fig. S2). As shown in Fig. 4A, the mean fluorescence intensity value of DOX@
PLGA/Dil NPs group was 3.1-fold higher than PLGA/Dil NPs group (p <0.05). Considering much lower cel-
lular fluorescence intensity of DOX rather than Dil (Fig. S2), DOX adsorbed onto the outer layer of PLGA/Dil
NPs seems to obviously improve the endocytosis efficiency of PLGA/Dil NPs in A549 cells, irrespective of the
intrinsic fluorescence signal of DOX. The mean fluorescence intensity of DOX@PLGA NPs group was only 8.1%
of that in DOX@PLGA/Dil NPs group. It means that most of fluorescence signal was derived from Dil encap-
sulated in DOX@PLGA/Dil NPs, rather than DOX located in the outer surface of DOX@PLGA/Dil NPs. For
demonstrating DOX-related cellular uptake mechanisms, SA was selected and its contribution to the cellular
entry process was assessed with inhibition study. SA and DOX@PLGA/Dil NPs were pre-mixed prior to their
treatment to the cells for accumulation tests. Added SA may be bound to the outer surface of DOX@PLGA/Dil
NPs and that may hamper cellular SA-mediated endocytosis of DOX@PLGA/Dil NPs. Therefore, it is expected
that the internalization efficiency of SA-adsorbed DOX@PLGA/Dil NPs may be lower than DOX@PLGA/Dil
NPs. Actually, pre-incubation with SA induced 18.0% reduction of the mean fluorescence intensity compared to
DOX@PLGA/Dil NPs group (p <0.05). It implies that SA located in A549 cells may interact with DOX existed
in DOX@PLGA/Dil NPs, resulting in an improved cellular accumulation in cancer cells. As the pK, value of
carboxylic acid in SA is 2.6, it can have a negative charge in physiological pH range*’. The pK, value of primary
amine group in DOX is reported to be 8.2-9.9%*, thus it may show a positive charge at acidic and neutral pH
indicating the condition of intracellular compartment, cancer cells, and normal cells, respectively. Therefore,
DOX-SA complex might be formed based on the electrostatic interactions at acidic and neutral pH range (from
5.5 to 7.4) and it can contribute to the elevated cellular entry of DOX@PLGA NPs in this study. NIH3T3 cells
were selected as fibroblast cells for verifying SA-assisted enhanced cellular internalization of DOX-coated NPs.
NIH3TS3 cells are healthy cells without malignant transformation thus they might have less SA levels on proteins
and glycolipids rather than cancer cells. DOX@PLGA/Dil NPs group exhibited 2.1-fold higher fluorescence
intensity in A549 cells rather than NIH3T3 cells. In addition, the pre-incubation of DOX@PLGA/Dil NPs with
SA reduced only 4.7% reduction in fluorescence intensity compared to that of DOX@PLGA/Dil NPs group
in NIH3T3 cells. Considering higher expression level of SA in malignant cells (A549 cells) rather than non-
cancer cells (NIH3T3 cells)***, designed DOX-engineered PLGA NPs seem to be efficiently internalized into
the cancer cells with the assistance of SA. Cellular distribution of Dil-loaded NP structures was also monitored
by CLSM imaging (Fig. 4B). Red cellular fluorescence signals in DOX@PLGA/Dil NPs were much stronger
than those of PLGA/Dil NPs and DOX@PLGA NPs. Similar cellular accumulation patterns as observed in flow
cytometer analysis were present in NIH3T?3 cells. These cellular accumulation and distribution data suggest the
feasible attribution of SA to the cellular entry of designed DOX@PLGA NPs.

In vitro antiproliferation activities. Cytotoxicity profiles of NP structures and their components were
acquired by colorimetric assay in A549 cells (Fig. 5). DOX and PHL included in developed NPs can act as
anticancer agents against A549 cells in this study. Mean ICs, values of PHL and DOX in A549 cells were 97.3
and 3.3 pg/ml, respectively, in current experimental conditions. Together with clinically approved DOX, PHL
exhibited antiproliferation potentials in various types of cancer cells mainly based on the inhibition of glucose
transporters**>-**, In case of PLGA NPs, they did not show severe cytotoxicity (over 90% cell viability) in tested
concentration range (up to 200 ug/ml). Antiproliferation potentials of PLGA/PHL NPs, DOX@PLGA NPs, and
DOX@PLGA/PHL NPs groups were assessed at 1—5 pg/ml PHL concentration range in A549 cells. DOX@
PLGA/PHL NPs group exhibited apparently lower cell viability values rather than DOX@PLGA NPs at 1 and
2.5 pg/ml concentrations (p < 0.05). It may be due to the combinatorial effects of PHL and DOX. Of note, DOX
located in the outer surface of NPs seems to play more critical roles, rather than encapsulated PHL, in killing
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Figure 4. Cellular accumulation and distribution patterns of developed NPs in A549 and NIH3T3 cells. (A)
Cellular uptake data of Dil-loaded NPs in A549 and NIH3T3 cells analyzed by flow cytometry. Cell count
values according to the fluorescence intensity of control, PLGA/Dil NPs, DOX@PLGA NPs, DOX@PLGA/Dil
NPs, and DOX@PLGA/Dil NPs +SA groups are shown. Mean fluorescence intensity values of all experimental
groups are plotted. Each point indicates the mean +SD (n=3). p<0.05, compared with PLGA/Dil NPs group.
*p<0.05, compared with DOX@PLGA NPs group. &p <0.05, compared with DOX@PLGA/Dil + SA NPs group.
(B) Intracellular fluorescence signals of developed NPs in A549 and NIH3T3 cells observed by CLSM imaging.
DAP], red, and merged images of control, PLGA/Dil NPs, DOX@PLGA NPs, DOX@PLGA/Dil NPs, and
DOX@PLGA/Dil NPs +SA groups are shown. The length of scale bar in the image is 20 um.

cancer cells. It is speculated that designed DOX@PLGA/PHL NPs can be efficiently applied to inhibit the pro-
liferation of A549 cells.

Tumor penetration potentials of NPs in spheroid models. Tumor penetration capability of designed
NP structures was assessed in A549 cell spheroid model?'. SA has been abundantly expressed in tumor tissues
rather than normal tissues®®™, therefore SA can be used as one of targets for the development of NPs aiming at
improved tumor infiltration**”%. As shown in Fig. 6A, PLGA/Dil NPs group exhibited red fluorescence signals
in the exterior boundary of A549 tumor spheroid. Although its intensity was much stronger than that of DOX@
PLGA NPs group, it was weaker than that of DOX@PLGA/Dil NPs group. DOX@PLGA/Dil NPs group have the
most efficient tumor penetration potential according to the fluorescence levels in the spheroid model. In 2D and
3D images, the fluorescence intensity values of (DOX@PLGA/Dil NPs + SA) group were 42% and 29% of DOX@
PLGA/Dil NPs group, respectively. It means that SA can transport DOX-coated PLGA NPs from outer boundary
to core region of A549 tumor spheroids. The observed findings suggest that DOX-SA interaction can be adopted
as one of promising tumor penetration strategies. Moreover, SA can provide dual roles of tumor targeting and
penetrating potentials in cancer therapy. It is surmised that DOX@PLGA NPs may be efficiently infiltrated into
the heterogeneous tumor tissues after their arrival in tumor region following intravenous administration.

Anticancer activities of designed NPs were tested in A549 spheroids by live/dead and ROS assays (Fig. 6B).
In CLSM images of live/dead assay, green and red colors indicate live and dead portions, respectively. Portion
of dead cells (red color) in DOX@PLGA/PHL NPs was clearly higher than that of PLGA/PHL NPs and DOX@
PLGA NPs groups. DOX-SA interactions can guide the efficient infiltration of DOX@PLGA/PHL NPs and elevate
their anticancer activities in A549 spheroids. In ROS assay (Fig. 6B), the green fluorescence signal indicates the
cellular reactive oxygen species (ROS) level. Notably, the relative ratio of corrected total cell fluorescence of
DOX@PLGA/PHL NPs to DOX@PLGA NPs was 2.6 in this study. It implies higher ROS generation capability
of DOX@PLGA/PHL NPs compared to the other formulations. It can lead to more efficient cancer cell killing
properties in A549 spheroids.

In vivo toxicity. Systemic toxicity of developed NPs was tested in mice after intravenous injection (Fig. 7).
There are some concerns that cationic charged nanocarriers could induce systemic toxicities following intra-
vascular injection®. Cationic chemotherapeutic agent (i.e., DOX) was installed in the outer surface of PLGA/
PHL NPs in this study. Systemic toxicities of developed NP formulations were evaluated by blood chemistry test
and histological staining assay of major tissues and organs. According to the blood chemistry data (Fig. 7A),
DOX@PLGA/PHL NPs group did not show any significant differences compared to control group in all markers.
Malfunctions in liver and kidney can be estimated from serum albumin/alanine transaminase (ALT)/aspartate
transaminase (AST) and blood urea nitrogen (BUN) levels, respectively. No significant difference between con-
trol and DOX@PLGA/PHL NPs groups implies the absence of severe toxicities in liver and kidney. In addition,
PLGA/PHL NPs and DOX@PLGA NPs also did not induce any dramatic alteration in serum marker levels. It
was reported that DOX can induce cardiotoxicity after its injection®’. However, DOX@PLGA NPs and DOX@
PLGA/PHL NPs group did not show obvious histological changes in heart tissues. It can be concluded that
DOX included in DOX@PLGA/PHL NPs may not induce fatal cardiotoxicities in current administration dose.
As revealed by the blood assay data, any evident morphological changes were not detected in liver, spleen, and
kidney specimens (Fig. 7B). Also in lung tissue, DOX@PLGA/PHL NPs group did not show any pathophysi-
ological changes compared to the other experimental groups. All these data support the absence of severe sys-
temic toxicities after multiple dosing in mouse. It can elevate the feasibility for clinical translation of designed
NP formulations.

Tumor targeting capability. The tumor targeting potentials of DOX-SA interactions were explored in
A549 tumor-bearing mouse models by near-infrared fluorescence (NIRF) imaging (Fig. 8). Indocyanine green
(ICG) was encapsulated in PLGA NPs as NIRF dye and the in vivo fate of DOX@PLGA/ICG NPs was tracked by
NIRF imaging. PLGA/ICG NPs or DOX@PLGA/ICG NPs were injected intravenously to A549 tumor-implanted
mouse and whole body NIRF signal was scanned for 24 h (Fig. 8). Integrated density (=area x mean of intensity)
of DOX@PLGA/ICG NPs-injected group was 3.3-fold higher than that of PLGA/ICG NPs at 24 h (p <0.05). As
demonstrated in A549 cells and spheroids (Figs. 4-6), higher expression of SA in tumor tissue seems to act as
a potential target for DOX-coated PLGA NPs***. Although DOX existed on the surface of DOX@PLGA NPs
could bind to other biological components during blood circulation, tumor accumulation of DOX@PLGA NPs
was significantly elevated compared to unmodified PLGA NPs. It is expected that designed DOX-engineered
PLGA NPs might produce improved anticancer activities following intravenous injection.
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Figure 5. Cytotoxicity tests in A549 cells. Cell viability profiles according to PHL, DOX, and PLGA NPs
concentrations are shown. Antiproliferation potentials of PLGA/PHL NPs, DOX@PLGA NPs, and DOX@
PLGA/PHL NPs at 1, 2.5, and 5 ug/ml PHL concentrations are exhibited. Each point indicates the mean+SD
(n=3).'p<0.05, compared with PLGA/PHL NPs group. “p <0.05, compared with DOX@PLGA NPs group.

Conclusions

DOX-engineered PLGA NPs containing PHL were developed for SA-assisted tumor targeting and penetration
in lung cancer therapy. DOX-adsorbed PLGA/PHL NPs with 221 nm hydrodynamic size, spherical shape, uni-
modal size distribution, and negative surface charge were fabricated. DOX molecules were attached to PLGA-
based NPs via electrostatic interactions and their possible interaction with SA in tumor tissues were adequately
demonstrated by XPS and zeta potential analyses. Although there may be other uptake mechanisms of designed
DOX@PLGA NPs in cancer cells, the possible contribution of SA expressed in cancer cells was tested in this
study. Compared to plain PLGA NPs, DOX@PLGA NPs exhibited improved cellular accumulation and anti-
proliferation activities. In addition, DOX@PLGA NPs group displayed superior tumor infiltration potentials
in A549 tumor spheroid models and better tumor targeting efficiency in A549 tumor bearing mouse models
following intravenous injection compared to unmodified PLGA NPs. Considering the negligible toxicity of
developed DOX@PLGA/PHL NPs, it can be one of passive and active tumor targeting nanosystems with high
feasibility for clinical application.

Materials and methods

Materials. DOX was supplied by Boryung Pharmaceutical Co., Ltd. (Seoul, Korea). PLGA (M,;: 45—55 kDa;
LA:GA =50:50) was obtained from PolySciTech (Akina, Inc., West Lafayette, IN, USA). ICG, PHL, and sodium
dodecyl sulfate (SDS) were acquired from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Dil, poly(vinyl
alcohol) (PVA; 30-70 kDa molecular weight (MW)), and SA (N-acetylneuraminic acid) were supplied by
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM), RPMI 1640 (developed by
Roswell Park Memorial Institute), penicillin-streptomycin, and FBS were provided by Life Technologies, Corp.
(Carlsbad, CA, USA). All other reagents were analytical grade.

Preparation of NPs. NPs mainly composed of PLGA were fabricated by an emulsification-evaporation
method as reported®?>4-48315861 PLGA (40 mg) dissolved in dichloromethane (1.6 ml) was mixed with dimethyl
sulfoxide (DMSO, 0.4 ml). It was added to 0.5% (w/v) PVA solution (20 ml) and that emulsion was homogene-
ously mixed with an ultrasonic liquid processor (VC-750; Sonics & Materials, Inc., Newtown, CT, USA) for
10 min. That was stirred for 2 h at room temperature for eliminating organic solvents. The pellet of NPs was
obtained by centrifugation at 16,100 g for 30 min. For preparing PLGA NPs, half part of resuspension of NP
pellet was lyophilized. To prepare DOX@PLGA NPs, other half part of NP pellet was resuspended with DOX
solution (20 mg) in DW (1 ml) and incubated for 1 h. Then, it was centrifuged at 16,100 g for 30 min and the
resuspension of NP pellet was freeze-dried.
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Figure 6. Tumor penetration capability and anticancer activity tests of developed NPs in A549 multicell
spheroid model. (A) Tumor infiltration efficacy test of Dil-loaded NPs in A549 spheroid model. 2D (merged),
2D (red), and 3D (merged) images of control, PLGA/Dil NP, DOX@PLGA NPs, DOX@PLGA/Dil NPs, and
DOX@PLGA/Dil NPs + SA groups are shown. The length of scale bar in the image is 50 pm. (B) Spheroid
images after applying live/dead assay and ROS assay reagents observed by CLSM imaging. Merged images of
control, PLGA/PHL NPs, DOX@PLGA NPs, and DOX@PLGA/PHL NPs are shown. The length of scale bar in
the image is 50 pm.

PLGA (40 mg) in dichloromethane (1.6 ml) and PHL (8 mg) in DMSO (0.4 ml) were blended and it was
added to 0.5% (w/v) PVA solution (20 ml). It was homogeneously mixed with an ultrasonic liquid processor
(VC-750; Sonics & Materials, Inc., Newtown, CT, USA) for 10 min. That emulsion was stirred for 2 h at room
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Figure 7. In vivo toxicity data of developed NPs in mouse. (A) Serum albumin, ALT, AST, and BUN levels in
mouse after intravenous injection. Each point indicates the mean+SD (n=5). (B) H&E staining images of heart,
kidney, liver, lung, and spleen in control, PLGA/PHL NPs, DOX@PLGA NPs, and DOX@PLGA/PHL NPs. The
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Figure 8. In vivo tumor targeting efficiency of designed NPs. (A) Whole body scanned NIRF image of PLGA/
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mouse model. NIRF images at 0 h (pre-injection), 3 h (post-injection), and 24 h (post-injection) are shown. (B)
Integrated density of NIRF signals in PLGA/ICG NPs and DOX@PLGA/ICG NPs groups. Each point indicates
the mean+SD (n=3-6). ®p<0.05, compared with PLGA/ICG NPs group.

temperature to remove the organic solvents. NP pellet was acquired by centrifugation at 16,100 g for 30 min.
Half of NP suspension was lyophilized to make dried PLGA/PHL NPs. The other half part of NP suspension was
incubated in DOX (10 mg) in DW (0.5 ml) for 1 h to prepare DOX@PLGA/PHL NPs. NP pellet was obtained
by centrifugation at 16,100 g for 30 min and it was freeze-dried for further uses.

Identification assays of DOX coating onto the NPs and interactions between DOX and
SA. Theatomic percentages in the outer layers of PLGA NPs, DOX@PLGA NPs, and DOX@PLGA NPs (after
incubating at PBS (pH 5.5) for 3 days) were determined by XPS (K-Alpha*, Thermo Fisher Scientific, Waltham,
MA, USA)®. The percentages of C (1s), O (1's), Cl (2p), N (1 s), and Na (1 s) in PLGA NPs, DOX@PLGA NPs,
and DOX@PLGA NPs (after incubating at pH 5.5) were measured.

DOX coating onto NPs was identified by fluorescence intensity measurement. DOX (0.25, 0.5, 1, 5, and 10 pg/
ml in DMSO), DOX@PLGA NPs (100 pg/ml in DMSO), and DOX@PLGA/PHL NPs (100 pg/ml in DMSO)
samples were prepared. The emission spectra (at 500-700 nm wavelength range) were measured at 480 nm
excitation wavelength by using a fluorescence spectrometer (LS-55, PerkinElmer, Inc., Waltham, MA, USA).
By using linear regression line based on fluorescence values of DOX standard samples, the contents of DOX in
DOX@PLGA NPs and DOX@PLGA/PHL NPs were determined.

Zeta potential values of PLGA NPs and DOX@PLGA NPs after incubation with SA for 120 min were meas-
ured by laser Doppler methods (ELS-Z1000; Otsuka Electronics, Tokyo, Japan). Dispersion of freeze dried NPs
(10 mg/ml in DW) and SA solution (1 mg/ml in DW) were mixed at equivalent volume and that mixture was
centrifuged at 16,100 g for 30 min. Supernatant was discarded and NP pellet was dispersed in DW for measur-
ing zeta potential values.

Binding potential of DOX@PLGA NPs and SA was also evaluated by XPS analysis. DOX@PLGA NPs in DW
(20 mg/ml) and SA in DW (2 mg/ml) were mixed at 1:1 volume ratio and incubated for 2 h at room temperature.
That mixture was centrifuged at 16,100 g for 30 min and the supernatant was discarded. After repeating that
washing process one more time, the pellet was lyophilized. The atomic percentages in DOX@PLGA NPs+ SA
group were analyzed by aforementioned XPS analysis.

Particle characterization of NPs.  The particle characteristics, such as hydrodynamic size, polydispersity
index, and zeta potential, of PLGA/PHL NPs and DOX@PLGA/PHL NPs were determined by using DLS and
laser Doppler methods (ELS-Z1000; Otsuka Electronics) in accordance with the manufacturer’s protocol*-*>°,
The morphological shape of PLGA/PHL NPs and DOX@PLGA/PHL NPs were monitored with ultrahigh resolu-
tion scanning electron microscope (UHR-SEM; S-4800, Hitachi, Tokyo, Japan)®. Particle shape of PLGA/PHL
NPs and DOX@PLGA/PHL NPs was further observed by TEM. NPs were stained with 2% (w/v) phosphotung-
stic acid, placed on the copper grids with films, destained with DW, and dried for 10 min, prior to the observa-
tion by using TEM (JEM 1010; JEOL, Tokyo, Japan)®.

Encapsulation efficiency values of PHL in PLGA/PHL NPs and DOX@PLGA/PHL NPs were measured with
high performance liquid chromatography (HPLC) system®’. HPLC system (1260 Infinity II, Agilent Technolo-
gies, Santa Clara, CA, USA) composed of autosampler (1260 Vialsampler), pump (1260 Quat Pump VL), and
UV/Vis detector (1260 VWD) connected with a reverse phase C18 column (Gemini, 250 mm x 4.6 mm, 5 pm;
Phenomenex, Torrance, CA, USA) was used for the analysis of PHL. Mobile phase was prepared with the mixture
of acetonitrile, DW, and phosphoric acid (50:50:0.08, v/v/v). The flow rate and injection volume were set at 1 ml/
min and 20 pl, respectively. PLGA/PHL NPs or DOX@PLGA/PHL NPs were dissolved in DMSO and further
diluted with the mobile phase. The absorbance of eluent was detected at 288 nm.
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Particle stability of DOX@PLGA/PHL NPs was tested by measuring the hydrodynamic size*"%%. NPs dispersed
in DW (10 mg/ml) was mixed with DW, PBS (pH 7.4), or FBS at an equivalent volume ratio. Hydrodynamic size
and particle size distribution were measured by described DLS method at 0, 1, 2, 4, and 24 h post-incubation.

PHL and DOX release profiles from PLGA/PHL NPs and DOX@PLGA/PHL NPs were tested at pH 7.4
and 5.5%. DOX diffusion profiles across the dialysis membrane were also studied at pH 7.4 and 5.5. Dispersion
(0.15 ml) of NPs containing 150 pg PHL or solution (0.15 ml) of free DOX (corresponding DOX amount in
DOX@PLGA/PHL NPs (150 pg PHL)) was put into Mini-GeBAflex tubes (MWCO: 14 kDa; Gene Bio-Applica-
tion Ltd., Yavne, Israel). That dialysis tube was transferred to conical tube containing 10 ml PBS (pH 7.4 or 5.5)
including 0.3% SDS with 50 rpm agitation at 37 °C. At pre-determined time (6, 24, 48, and 72 h for NPs and 2, 6,
24, and 48 h for free DOX), release media (0.2 ml) were collected and the equivalent volume of fresh media was
supplemented. PHL concentrations in the collected media were determined by the described HPLC method.
DOX concentrations in the media were analyzed by fluorescence spectroscopy method. Fluorescence signals
were detected at 480 nm (excitation) and 560 nm (emission) wavelengths by using a multi-mode microplate
reader (SpectraMax i3, Molecular Devices, Sunnyvale, CA, USA).

Cellular uptake and distribution studies. Cellular accumulation and localization patterns of developed
NPs were assessed in A549 cell (human lung adenocarcinoma cell; Korean Cell Line Bank (KCLB), Seoul, Korea)
and NIH3T3 cell (mouse embryonic fibroblast cells; KCLB). A549 cells were cultured in RPMI 1640 (contain-
ing 300 mg/l of L-glutamine) including heat inactivated FBS (10%, v/v) and penicillin-streptomycin (1%, v/v)
and NIH3T3 cells were cultured with DMEM containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin,
respectively. For fluorescence detection by flow cytometry and CLSM, Dil was loaded to PLGA NPs as a fluores-
cence dye. For the fabrication of PLGA/Dil NPs and DOX@PLGA/Dil NPs, Dil (1 mg) and PLGA (40 mg) were
dissolved in the organic phase and poured into the 0.5% (w/v) PVA solution (20 ml) for making oil-in-water type
emulsion. Following procedures were identical with the described method in above section.

A549 or NTH3T3 cells were seeded at a density of 4.0 x 10° cells per well in six-well plates and cultured at 37 °C
for 1 day. Dil, DOX, Dil+ DOX, PLGA/Dil NPs, DOX@PLGA NPs, and DOX@PLGA/Dil NPs were added to
the cells at 1 pg/ml Dil concentration and/or corresponding DOX concentration (1.16 pg/ml) and incubated for
24 h. In case of DOX@PLGA/Dil NPs + SA group, DOX@PLGA/Dil NPs were pre-incubated with SA (150 pg/
ml) prior to their application to the cells. Samples were eliminated and the cells were rinsed with PBS (pH 7.4)
at least thrice. Cells were detached from the plate and cell pellets were obtained by centrifugation at 1,000 g for
5 min. Those cells were then suspended in FBS (2%, v/v) solution for flow cytometry analysis. Fluorescence
intensity-dependent cell count was detected by a FACSCalibur Fluorescence-activated Cell Sorter (FACS) (BD
Biosciences, San Jose, CA, USA)®.

Cellular distribution of designed NPs was evaluated by CLSM imaging. A549 or NIH3T3 cells were seeded
on culture slides (BD Falcon, Bedford, MA, USA), at a density of 1.0x 10° cells per well (surface area: 1.7 cm?
per well), and incubated at 37 °C for 1 day. PLGA/Dil NPs, DOX@PLGA NPs, and DOX@PLGA/Dil NPs were
added to the cells at 1 pg/ml Dil concentration and incubated for 24 h. In case of DOX@PLGA/Dil NPs+SA
group, DOX@PLGA/Dil NPs were pre-incubated with SA (150 pg/ml) prior to their application to the cells. After
24 h incubation, each sample was removed and cells were washed with PBS (pH 7.4) at least thrice. Cells were
immersed in 4% formaldehyde solution for fixation. Following drying the sample, VECTASHIELD mounting
medium with 4',6-diamidino-2-phenylindole (DAPI) (H-1200; Vector Laboratories, Inc., Burlingame, CA, USA)
was added to each specimen for staining nuclei and inhibiting fluorescence quenching. Cellular fluorescence
signals were then monitored by CLSM (LSM 880, Carl-Zeiss, Thornwood, NY, USA)%,

In vitro antiproliferation test. Cytotoxicity of PHL, DOX, PLGA NPs, PLGA/PHL NPs, DOX@PLGA
NPs, and DOX@PLGA/PHL NPs was tested in A549 cells by colorimetric assay®?. A549 cells (5.0 x 10 cells/well
of seeding density) were loaded onto the 96-well plate and cultured at 37 °C for 1 day. PHL (1, 2.5, 5, 10, 25, 50,
100, and 200 pg/ml), DOX (0.08, 0.2, 0.4, 0.8, 2, 4, and 8 pg/ml), PLGA NPs (1, 2.5, 5, 10, 25, 50, 100, and 200 pg/
ml), PLGA/PHL NPs (1, 2.5, and 5 pg/ml PHL concentration), DOX@PLGA NPs (at DOX@PLGA NPs concen-
trations equivalent to DOX@PLGA/PHL NPs concentrations containing 1, 2.5, and 5 pg/ml PHL), and DOX@
PLGA/PHL NPs (1, 2.5, and 5 pg/ml PHL concentration) were applied to the cells and incubated for 72 h. After
eliminating each specimen, CellTiter 96 AQ, ., One Solution Cell Proliferation Assay Reagent (Promega Corp.,
Fitchburg, WI, USA) was added to the cells according to the manufacturer’s manual. The absorbance values of
blank and test samples were detected at 490 nm with UV/Vis spectroscopic method (SpectraMax i3; Molecular
Devices). Cell viability was calculated by dividing the absorbance value of the tested sample with that of blank
(no treatment) sample*!525%60.62,

Tumor penetration and anticancer activity studies in spheroid models. For making A549 sphe-
roids, A549 cells were loaded to AggreWell400 24-well plate. A549 cells (2.4 x 10° cells) suspended in RPMI 1640
(containing 300 mg/I L-glutamine) including heat inactivated FBS (10%, v/v) and penicillin-streptomycin (1%,
v/v) were added to each well and spheroids were generated according to the manufacturer’s directions. Half of
the cell culture medium was replaced with the fresh one every other day and cells were cultured for 4 days for
preparing spheroids.

For the fluorescence detection, Dil-loaded NPs were prepared as described in above section and they were
used in tumor penetration test. PLGA/Dil NPs, DOX@PLGA NPs, DOX@PLGA/Dil NPs, and DOX@PLGA/
Dil NPs+SA (at 1 pg/ml Dil and 150 ug/ml SA concentrations) were applied to the A549 spheroids and they
were incubated with orbital shaking for 24 h. In case of DOX@PLGA/Dil NPs +SA group, DOX@PLGA/Dil NPs
were pre-incubated with SA (150 ug/ml) prior to the application of NPs to the spheroids. After removing each
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sample, A549 spheroids were rinsed with PBS (pH 7.4) at least thrice and the fluorescence signals were detected
by CLSM (LSM 880, Carl-Zeiss)*'.

For live/dead assay in A549 spheroids, approximately 40 spheroids dispersed in cell culture medium (0.2 ml)
were added in each well of 12-well plate and dispersion (0.2 ml) of NPs (at 10 pg/ml PHL concentration) was
applied to those spheroids. They were incubated with orbital shaking in CO, incubator for 24 h. Aliquot (0.4 ml)
of PBS (pH 7.4) containing calcein AM (0.2 pl) and ethidium homodimer-1 (0.8 ul) (LIVE/DEAD Viability/
Cytotoxicity Kit; Molecular Probes, Inc., Eugene, OR, USA) was added to spheroids and they were incubated for
20 min in CO, incubator. They were washed with PBS (pH 7.4) at least three times and their fluorescence signals
were detected by CLSM (LSM 880, Carl-Zeiss).

Cell killing mechanisms in A549 spheroids after treatment of each NPs were elucidated with Reactive Oxy-
gen Species (ROS) Detection Reagents (Molecular Probes, Inc., Eugene, OR, USA). As described in live/dead
assay section, approximately 40 spheroids dispersed in cell culture medium (0.2 ml) were added in each well of
12-well plate and dispersion (0.2 ml) of NPs (at 10 pug/ml PHL concentration) was applied to those spheroids.
Aliquot (0.4 ml) of PBS (pH 7.4) containing carboxy-H,DCFDA (10 uM) was applied to spheroids and they
were incubated for 20 min in CO, incubator. After rinsing with PBS (pH 7.4) at least three times, fluorescence
signals from spheroids were monitored by CLSM (LSM 880, Carl-Zeiss).

In vivo toxicity tests. In vivo toxicity of developed NPs was assessed in ICR mouse (male, 20 g of average
body weight; Orient Bio, Sungnam, Korea) after intravenous administration***, The experimental procedures of
the animal studies were approved by the Animal Care and Use Committee of the College of Pharmacy (Kangwon
National University, Chuncheon, Korea). All animal experiments were conducted according to the National
Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978).
PLGA/PHL NPs, DOX@PLGA NPs, and DOX@PLGA/PHL NPs were intravenously injected at 5 mg/kg PHL
dose for three times (every other day). By cardiac puncture, serum specimens were obtained from all mice.
Albumin, ALT, AST, and BUN levels in serum were quantitatively determined by ALB2 (Roche Diagnostics),
Alanine Aminotransferase acc. to IFCC (Roche Diagnostics), Aspartate Aminotransferase acc. to IFCC (Roche
Diagnostics), and UREAL (Roche Diagnostics, Manheim, Germany), respectively, by using Cobas 8000 C702
chemical autoanalyzer (Roche Diagnostics)***. Heart, kidney, liver, lung, and spleen were also excised from
the mouse. Those specimens were fixed in formaldehyde (4%, v/v) solution and fixed tissues were sliced. Those
samples were then deparaffinized and hydrated with ethanol. Finally, they were stained with hematoxylin and
eosin (H&E) reagent by the standard protocol**.

Optical imaging test. For NIRF imaging test, ICG was encapsulated in PLGA NPs for their in vivo track-
ing following an intravenous injection. ICG (2 mg) was entrapped in PLGA NPs instead of PHL (8 mg) and same
procedures in above section were applied to prepare ICG-loaded NPs. To make A549 tumor-bearing mouse
models, A549 cells (at 2.0 x 10 cells in 0.1 ml) were injected to the dorsal side of BALB/c nude mice (female,
average body weight: 20 g, 5-weeks old; Orient Bio, Sungnam, Korea) subcutaneously®’. Tumor volume (V, mm?)
was calculated with the following formula: V =(1/2) x longest diameter x (shortest diameter)®. When the tumor
volume reached 100—200 mm?, dispersion of PLGA/ICG NPs or DOX@PLGA/ICG NPs (ICG dose: 2 mg/kg)
was injected to the mouse via an intravenous route. Whole body signals were scanned by FOBI (NeoScience Co.,
Ltd., Suwon, Korea) installed with near-infrared laser filter at 0 (pre-injection), 3, and 24 h post-injection. Inte-
grated density (=area x mean value of intensity) in the tumor region was acquired for the quantitative analysis
of NIRF signals.

Data analyses. Statistical analysis was performed with a two-tailed #-test and analysis of variance (ANOVA).
Data are shown as the mean + standard deviation (SD).

Received: 12 April 2020; Accepted: 6 October 2020
Published online: 12 November 2020

References
1. Elmowafy, E. M., Tiboni, M. & Soliman, M. E. Biocompatibility, biodegradation and biomedical applications of poly(lactic acid)/
poly(lactic-co-glycolic acid) micro and nanoparticles. J. Pharm. Investig. 49, 347-380 (2019).
2. Hwang, H. S., Shin, H., Han, J. & Na, K. Combination of photodynamic therapy (PDT) and anti-tumor immunity in cancer therapy.
J. Pharm. Investig. 48, 143151 (2018).
3. Kim, K. T,, Lee, J. Y., Kim, D. D., Yoon, I. S. & Cho, H. J. Recent progress in the development of poly(lactic-co-glycolic acid)-based
nanostructures for cancer imaging and therapy. Pharmaceutics 11, 280 (2019).
4. Le, Q. V, Choi, J. & Oh, Y. K. Nano delivery systems and cancer immunotherapy. J. Pharm. Investig. 48, 527-539 (2018).
5. Lee, M. K. Clinical usefulness of liposomal formulations in cancer therapy: lessons from the experiences of doxorubicin. J. Pharm.
Investig. 49, 203-214 (2019).
6. Liu, Y, Bhattarai, P, Dai, Z. & Chen, X. Photothermal therapy and photoacoustic imaging via nanotheranostics in fighting cancer.
Chem. Soc. Rev. 48, 2053-2108 (2019).
7. Sang, W, Zhang, Z., Dai, Y. & Chen, X. Recent advances in nanomaterial-based synergistic combination cancer immunotherapy.
Chem. Soc. Rev. 48, 3771-3810 (2019).
. Shahriari, M. et al. Enzyme responsive drug delivery systems in cancer treatment. J. Control. Release 308, 172-189 (2019).
9. Yoon, S. W,, Shin, D. H. & Kim, J. S. Liposomal itraconazole formulation for the treatment of glioblastoma using inclusion complex
with HP-B-CD. J. Pharm. Investig. 49, 477-483 (2019).
10. Bae, Y. H. & Park, K. Targeted drug delivery to tumors: myths, reality and possibility. J. Control. Release 153, 198-205 (2011).

el

Scientific Reports |

(2020) 10:19738 | https://doi.org/10.1038/s41598-020-76778-9 natureresearch



www.nature.com/scientificreports/

11. Fang, J., Nakamura, H. & Maeda, H. The EPR effect: unique features of tumor blood vessels for drug delivery, factors involved,
and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 63, 136-151 (2011).

12. Alexis, E, Pridgen, E., Molnar, L. K. & Farokhzad, O. C. Factors affecting the clearance and biodistribution of polymeric nanopar-
ticles. Mol. Pharm. 5, 505-515 (2008).

13. Maeda, H., Nakamura, H. & Fang, J. The EPR effect for macromolecular drug delivery to solid tumors: Improvement of tumor
uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv. Drug Deliv. Rev. 65, 71-79 (2013).

14. Lammers, T, Kiessling, F, Hennink, W. E. & Storm, G. Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress.
J. Control. Release 161, 175-187 (2012).

15. Nichols, J. W. & Bae, Y. H. E. P. R. Evidence and fallacy. J. Control. Release 190, 451-464 (2014).

16. Danbhier, E, Feron, O. & Préat, V. To exploit the tumor microenvironment: passive and active tumor targeting of nanocarriers for
anti-cancer drug delivery. J. Control. Release 148, 135-146 (2010).

17. Cho, H.J. et al. Self-assembled nanoparticles based on hyaluronic acid-ceramide (HA-CE) and Pluronic’ for tumor-targeted delivery
of docetaxel. Biomaterials 32, 7181-7190 (2011).

18. Cho, H. J. et al. Polyethylene glycol-conjugated hyaluronic acid-ceramide self-assembled nanoparticles for targeted delivery of
doxorubicin. Biomaterials 33, 1190-1200 (2012).

19. Cho, H. J. Recent progresses in the development of hyaluronic acid-based nanosystems for tumor-targeted drug delivery and
cancer imaging. J. Pharm. Investig. 50, 115-129 (2020).

20. Jin, Y. J. et al. Hyaluronic acid derivative-based self-assembled nanoparticles for the treatment of melanoma. Pharm. Res. 29,
3443-3454 (2012).

21. Lee,J. Y, Chung, S.]J., Cho, H. J. & Kim, D. D. Phenylboronic acid-decorated chondroitin sulfate A-based theranostic nanoparticles
for enhanced tumor targeting and penetration. Adv. Funct. Mater. 25, 3705-3717 (2015).

22. Lee,]. Y. et al. Dual CD44 and folate receptor-targeted nanoparticles for cancer diagnosis and anticancer drug delivery. J. Control.
Release 236, 38-46 (2016).

23. Lee, S. Y. & Cho, H. J. An a-tocopheryl succinate enzyme-based nanoassembly for cancer imaging and therapy. Drug Deliv. 25,
738-749 (2018).

24. Termsarasab, U. et al. Polyethylene glycol-modified arachidyl chitosan-based nanoparticles for prolonged blood circulation of
doxorubicin. Int. J. Pharm. 464, 127-134 (2014).

25. Danhier, E et al. PLGA-based nanoparticles: an overview of biomedical applications. J. Control. Release 161, 505-522 (2012).

26. Martins, C., Sousa, E, Araujo, F. & Sarmento, B. Functionalizing PLGA and PLGA derivatives for drug delivery and tissue regen-
eration applications. Adv. Healthc. Mater. 7, 1701035 (2018).

27. Mir, M., Ahmed, N. & Rehman, A. U. Recent applications of PLGA based nanostructures in drug delivery. Colloids Surf. B Bioint-
erfaces 159, 217-231 (2017).

28. Acharya, S. & Sahoo, S. K. PLGA nanoparticles containing various anticancer agents and tumour delivery by EPR effect. Adv. Drug
Deliv. Rev. 63,170-183 (2011).

29. Park, ]. H. et al. Development of poly(lactic-co-glycolic) acid nanoparticles-embedded hyaluronic acid-ceramide-based nano-
structure for tumor-targeted drug delivery. Int. J. Pharm. 473, 426-433 (2014).

30. Venugopal, V. et al. Anti-EGFR anchored paclitaxel loaded PLGA nanoparticles for the treatment of triple negative breast cancer.
In-vitro and in-vivo anticancer activities. PLoS ONE 13, 0206109 (2018).

31. Wang, H. et al. Low-molecular-weight protamine-modified PLGA nanoparticles for overcoming drug-resistant breast cancer. J.
Control. Release 192, 47-56 (2014).

32. Ghosh, S., Ghosh, S., Jana, S. K. & Pramanik, N. Biomedical application of doxorubicin coated hydroxyapatite—poly(lactide-co-
glycolide) nanocomposite for controlling osteosarcoma therapeutics. J. Nanosci. Nanotechnol. 20, 3994-4004 (2020).

33. Alves, A. C. et al. Influence of doxorubicin on model cell membrane properties: insights from in vitro and in silico studies. Sci.
Rep. 7, 6343 (2017).

34. Fulop, Z., Gref, R. & Loftsson, T. A permeation method for detection of self-aggregation of doxorubicin in aqueous environment.
Int. J. Pharm. 454, 559-561 (2013).

35. Zhitomirsky, B. & Assaraf, Y. G. Lysosomal accumulation of anticancer drugs triggers lysosomal exocytosis. Oncotarget 8, 45117-
45132 (2017).

36. Lei, L. et al. Bioinspired multivalent peptide nanotubes for sialic acid targeting and imaging-guided treatment of metastatic mela-
noma. Small 15, 1900157 (2019).

37. Jeong, . Y. et al. Boronic acid-tethered amphiphilic hyaluronic acid derivative-based nanoassemblies for tumor targeting and
penetration. Acta Biomater. 53, 414-426 (2017).

38. Pearce, O. M. & Liubli, H. Sialic acids in cancer biology and immunity. Glycobiology 26, 111-128 (2016).

39. Pinho, S. S. & Reis, C. A. Glycosylation in cancer: mechanisms and clinical implications. Nat. Rev. Cancer 15, 540-555 (2015).

40. Vimr, E. R, Kalivoda, K. A., Deszo, E. L. & Steenbergen, S. M. Diversity of microbial sialic acid metabolism. Microbiol. Mol. Biol.
Rev. 68, 132-153 (2004).

41. Lee, S. Y. & Cho, H. J. Amine-functionalized poly(lactic-co-glycolic acid) nanoparticles for improved cellular uptake and tumor
penetration. Colloids Surf. B Biointerfaces 148, 85-94 (2016).

42. Kim, S., Lee, S. Y. & Cho, H. J. Doxorubicin-wrapped zinc oxide nanoclusters for the therapy of colorectal adenocarcinoma.
Nanomaterials 7, 354 (2017).

43. Kim, S., Lee, S. Y. & Cho, H. J. Berberine and zinc oxide-based nanoparticles for the chemo-photothermal therapy of lung adeno-
carcinoma. Biochem. Biophys. Res. Commun. 501, 765-770 (2018).

44. Koo, J. S. et al. Preparation of cupric sulfate-based self-emulsifiable nanocomposites and their application to the photothermal
therapy of colon adenocarcinoma. Biochem. Biophys. Res. Commun. 503, 2471-2477 (2018).

45. Koo, J. S. et al. Development of iron(II) sulfate nanoparticles produced by hot-melt extrusion and their therapeutic potentials for
colon cancer. Int. J. Pharm. 558, 388-395 (2019).

46. Nam, S. et al. Polydopamine-coated nanocomposites of Angelica gigas Nakai extract and their therapeutic potential for triple-
negative breast cancer cells. Colloids Surf. B Biointerfaces 165, 74-82 (2018).

47. Gupta, P. K., Hung, C. T. & Perrier, D. G. Quantitation of the release of doxorubicin from colloidal dosage forms using dynamic
dialysis. J. Pharm. Sci. 76, 141-145 (1987).

48. Lee, ]. ], Lee, S. Y., Park, J. H., Kim, D. D. & Cho, H. J. Cholesterol-modified poly(lactide-co-glycolide) nanoparticles for tumor-
targeted drug delivery. Int. ]. Pharm. 509, 483-491 (2016).

49. Lee, S. Y. et al. Fabrication of polymer matrix-free nanocomposites based on Angelica gigas Nakai extract and their application to
breast cancer therapy. Colloids Surf. B Biointerfaces 159, 781-790 (2017).

50. Nam, S., Lee, S. Y., Kang, W. S. & Cho, H. J. Development of resveratrol-loaded herbal extract-based nanocomposites and their
application to the therapy of ovarian cancer. Nanomaterials 8, 384 (2018).

51. Park, ]. H., Cho, H.]. & Kim, D. D. Poly((p, L)lactic-glycolic)acid-star glucose nanoparticles for glucose transporter and hypogly-
cemia-mediated tumor targeting. Int. . Nanomed. 12, 7453-7467 (2017).

52. Lee, S. Y. et al. Mussel-inspired hyaluronic acid derivative nanostructures for improved tumor targeting and penetration. ACS
Appl. Mater. Interfaces 9, 22308-22320 (2017).

Scientific Reports|  (2020) 10:19738 | https://doi.org/10.1038/s41598-020-76778-9 nature research



www.nature.com/scientificreports/

53. Nam, S, Lee, S. Y. & Cho, H. J. Phloretin-loaded fast dissolving nanofibers for the locoregional therapy of oral squamous cell
carcinoma. J. Colloid. Interface Sci. 508, 112-120 (2017).

54. Qin, X., Xing, Y. E, Zhou, Z. & Yao, Y. Dihydrochalcone compounds isolated from crabapple leaves showed anticancer effects on
human cancer cell lines. Molecules 20, 21193-21203 (2015).

55. Kim, Y. H. et al. Development of sialic acid-coated nanoparticles for targeting cancer and efficient evasion of the immune system.
Theranostics 7, 962-973 (2017).

56. Pillai, G. J., Greeshma, M. M. & Menon, D. Impact of poly(lactic-co-glycolic acid) nanoparticle surface charge on protein, cellular
and haematological interactions. Colloids Surf. B Biointerfaces 136, 1058-1066 (2015).

57. Octavia, Y. et al. Doxorubicin-induced cardiomyopathy: from molecular mechanisms to therapeutic strategies. J. Mol. Cell Cardiol.
52,1213-1225 (2012).

58. Cho, H. ], Park, J. H., Kim, D. D. & Yoon, I. S. Poly(lactic-co-glycolic) acid/Solutol HS15-based nanoparticles for docetaxel delivery.
J. Nanosci. Nanotechnol. 16, 1433-1436 (2016).

59. Lee, S. Y. & Cho, H. J. Dopamine-conjugated poly(lactic-co-glycolic acid) nanoparticles for protein delivery to macrophages. J.
Colloid. Interface Sci. 490, 391-400 (2017).

60. Lee, S. Y., Koo, J. S., Yang, M. & Cho, H. J. Application of temporary agglomeration of chitosan-coated nanoparticles for the treat-
ment of lung metastasis of melanoma. J. Colloid. Interface Sci. 544, 266-275 (2019).

61. Yoon, L. S. et al. Poly(D, L-lactic acid)-glycerol-based nanoparticles for curcumin delivery. Int. J. Pharm. 488, 70-77 (2015).

62. Lee, S. Y. & Cho, H. J. Mitochondria targeting and destabilizing hyaluronic acid derivative-based nanoparticles for the delivery of
lapatinib to triple-negative breast cancer. Biomacromol 20, 835-845 (2019).

63. Seo, ]. H. et al. Multi-layered cellulose nanocrystal system for CD44 receptor-positivetumor-targeted anticancer drug delivery. Int.
J. Biol. Macromol. 162, 798-809 (2020).

Acknowledgements

This research was supported by Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT and Future Planning and the Ministry of Education (NREF-
2017R1E1A1A01074584, NRF-2018R1A6A1A03025582, and NRF-2020R1C1C1003945).

Author contributions
S.Y.L. and H.-].C. conceived the experiments; S.Y.L, S.N., ].S.K,, S.K., M.Y,, D.L]., C.H., and J.P. conducted the
experiments; S.Y.L. and S.N. analyzed the data; S.Y.L. and H.-J.C. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-76778-9.

Correspondence and requests for materials should be addressed to H.-J.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:19738 | https://doi.org/10.1038/s41598-020-76778-9 natureresearch


https://doi.org/10.1038/s41598-020-76778-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Possible contribution of sialic acid to the enhanced tumor targeting efficiency of nanoparticles engineered with doxorubicin
	Results and discussion
	Fabrication and physicochemical properties of NPs. 
	Cellular internalization and localization. 
	In vitro antiproliferation activities. 
	Tumor penetration potentials of NPs in spheroid models. 
	In vivo toxicity. 
	Tumor targeting capability. 

	Conclusions
	Materials and methods
	Materials. 
	Preparation of NPs. 
	Identification assays of DOX coating onto the NPs and interactions between DOX and SA. 
	Particle characterization of NPs. 
	Cellular uptake and distribution studies. 
	In vitro antiproliferation test. 
	Tumor penetration and anticancer activity studies in spheroid models. 
	In vivo toxicity tests. 
	Optical imaging test. 
	Data analyses. 

	References
	Acknowledgements


