
Journal of Controlled Release 259 (2017) 203–211

Contents lists available at ScienceDirect

Journal of Controlled Release

j ourna l homepage: www.e lsev ie r .com/ locate / jconre l
Andrographolide-loaded polymerized phenylboronic acid nanoconstruct
for stimuli-responsive chemotherapy
Jinhwan Kim a,1, Junseok Lee b,1, Yeong Mi Lee b, Swapan Pramanick a, Sooseok Im c, Won Jong Kim a,b,c,⁎
a Department of Chemistry, Pohang University of Science and Technology (POSTECH), Pohang 37673, Republic of Korea
b Center for Self-assembly and Complexity, Institute of Basic Science (IBS), Pohang 37673, Republic of Korea
c School of Interdisciplinary Bioscience and Bioengineering, Pohang University of Science and Technology (POSTECH), Pohang 37673, Republic of Korea
⁎ Corresponding author at: Department of Chemistry, P
Technology (POSTECH), Pohang 37673, Republic of Korea

E-mail address: wjkim@postech.ac.kr (W.J. Kim).
1 These Authors are contributed equally to this work.

http://dx.doi.org/10.1016/j.jconrel.2016.10.029
0168-3659/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 August 2016
Received in revised form 5 October 2016
Accepted 26 October 2016
Available online 28 October 2016
Alongwith the successful discovery of paclitaxel as an anticancer drug, natural products have drawn great atten-
tion in drug discovery. Recently, andrographolide (AND) from Andrographis paniculata was reported to provide
several benefits, including an anticancer effect. However, the extremely low solubility of the compound in an
aqueous medium was an obstacle to overcome for the systemic administration and clinical application of AND.
Based on our previous report, we formulated a water-soluble nanoconstruct by forming a boronic ester between
the cis-1,3-diol of AND with hydrophilically polymerized phenylboronic acid (pPBA). The release of loaded AND
was controlled by intracellular conditions, specifically, by low pH and high ATP concentrations, due to the pH-
and diol-dependent affinity of the boronic ester. Because of the intrinsic property of the PBA moiety, the pPBA-
AND nanoconstruct exhibited an excellent tumor targeting ability both in vitro and in vivo. Finally, a significant
inhibition of tumor growthwas observed in vivo. Taken together, our strategy, which is based on the formulation
of a soluble nanoconstruct using hydrophilically polymerized PBA and a cis-diol, is plausible and provides a de-
livery system for a wide variety of chemotherapeutics. This strategy has applications not only in cancer therapy
but also broader fields such as anti-inflammation or immunotherapy.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

For several decades, secondary metabolites derived from natural or-
ganisms such as plants or microbes have been regarded as “natural
products”, and they have attracted an enormous interest for various
clinical applications [1–3]. To date, many kinds of natural products
have been discovered and their biological activities have been evaluated
[4,5]. In particular, paclitaxel from the pacific yew, salicylic acid from
willow, and penicillin G from Penicillium citrinum are good examples
of successfully commercialized natural products. Recently, an active
compound called andrographolide (AND) was discovered from the ex-
tract of Andrographis paniculata, an herbaceous plant known as “king
of bitter” [6,7]. Several studies have found that AND, along with its de-
rivatives,modulates cellular signaling pathways.Moreover, they exhibit
various beneficial effects such as antioxidant defense, anti-inflammato-
ry effect, immunomodulatory activity, hepatoprotective activity, antivi-
ral effect, and anticancer effect [8–11]. Especially, many reports have
demonstrated that anticancer activity of AND is exerted by affecting
various cancer-related factors, thus inhibits the proliferation,
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metastasis, and angiogenesis of cancer cells. In spite of these studies
suggesting AND as a promising candidate for anticancer chemothera-
peutics, an in vivo evaluation of its effect as an anticancer drug has
been barely reported due to the extremely low solubility of AND in an
aqueous medium [12]. Similar to other hydrophobic anticancer drugs,
including paclitaxel and camptothecin, addition of a surfactant or or-
ganic solvent such as dimethyl sulfoxide (DMSO) or alcohol could be
an alternative to solubilize AND in an aqueous medium [13–15]. How-
ever, these solubilizing agents may induce acute hemolysis leading to
fatal systemic damage; additionally, the concern of cryptotoxicity still
exists [16–18].

In drug delivery system, a nano-sized formulation has been widely
attempted because it enables tumor-specific extravasation via an en-
hanced permeation and retention (EPR) effect [19–26]. Thus far, various
types of nano-sized delivery systems, including liposomes, polymeric
micelles, and inorganic nanoparticles, have been employed [27–31]; of
these, liposomes, polymeric micelles, and self-assembled conjugates
are the most commonly applied strategies. However, liposomes and
polymeric micelles lack in vivo stability after administration, leading to
nonspecific leakage of the loaded drug [32,33]. In addition, self-assem-
bled conjugates require the chemical modification of drug molecules,
whichmay reduce their therapeutic effect; they also require complicat-
ed synthetic procedures, which may hinder highly reproducible results
[21,32,33]. Remarkably, the chemical structure of AND suggests an
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ingenious solution for a delivery system that overcomes aforemen-
tioned challenges for a drug delivery carrier when combined with hy-
drophilic polymers and phenylboronic acid (PBA). It has been widely
known that PBA, (chemical formula: C6H5B(OH)2), has a unique ability
to form a boronic ester bondwith a cis-1,2- or -1,3-diol, a commonmoi-
eties of saccharides; thus, it has been incorporated as a ligand in appli-
cations for sugar sensors or affinity column of carbohydrates [34–37].
Specifically, PBA seems like a highly appropriate chemical moiety for
delivery applications for two reasons. First, the binding affinity of PBA
and diol is highly sensitive to external conditions including pH, sugars,
and H2O2, making PBA moieties the preferred choice in stimuli-respon-
sive drugdelivery systems [38–41]. Second, PBA itself can act as a cancer
targeting ligand because it exhibits specific binding with sialylated epi-
topes that are overexpressed on the surface of various types of tumors
[42–44]. Using these characteristics, our group has reported a stimuli-
responsive cross-linked polyethyleneimine for effective gene delivery
based on the interaction between PBA and galactose [45]. Similarly, in
the case of AND, which has 5-hydroxymethyl and 6-hydroxyl groups
in the cis position to form a 1,3-cis-diol, it is expected that AND and
PBAwould form aboronic ester bond, subsequently generating their hy-
drophobic chemical structure. PBA is conjugated on a hydrophilic poly-
mer; therefore, it is obvious that a self-assembled structure would be
formed from the hydrophilic polymer backbone and the hydrophobic
PBA-AND complex. The fact that they form a self-assembled structure
could provide a great opportunity to expand the accessibility of AND
to a drug delivery system.

By employing particular properties of PBA and AND in biomedical
applications, we developed a simple and unique polymeric platform
for the systemic administration of AND to be used as effective chemo-
therapy by overcoming limitations of aforementioned previous studies
(Scheme 1). The PBA moiety was grafted on poly(methyl vinyl ether
alt maleic anhydride) (pMAnh) to form poly(phenylboronic acid)
(pPBA). It is worth highlighting that the synthetic procedure of pPBA
does not require the usage of neither toxic solvents nor catalysts, thus
it is free from residual solvent toxicity; additionally, it is highly atom
economical and favors green chemistry. Next, a nanoconstruct was for-
mulated by simplemixing pPBA and AND at the desiredmolar ratio. The
pPBA-AND nanoconstruct was preferred because of several advantages:
1) it did not require any complicated synthetic procedure; 2) large
amounts of carboxylic acid (derived from hydrolyzed pMAnh) readily
Scheme 1. Schematic illustration for the formulation and destruction of the pPBA-AND nanocon
1,3-cis-diol (fromAND), followed by self-assembly based on the hydrophobic interactions of AN
in response to an intracellular stimulus such as acidic pH or increased level of ATP.
solubilized and stabilized AND in an aqueous medium; 3) the residual
PBA moiety exhibited a tumor targeting effect; 4) the hydrodynamic
size of ~100 nmwas suitable for biomedical applications; and 5) loaded
ANDwas released specifically intracellularly. This unique strategy could
provide an innovative platform for the delivery of hydrophobic ANDand
its derivatives, not only for cancer therapy, but also for more broad ap-
plications such as anti-inflammatory therapy or immunotherapy.

2. Materials and methods

2.1. Materials

Poly(methyl vinyl ether-alt-maleic anhydride) (pMAnh; Mn
~80,000), 3-aminophenylboronic acidmonohydrate (PBA-NH2), adeno-
sine 5′-triphosphate disodiumsalt hydrate (ATP), thiazolyl blue tetrazo-
lium bromide (MTT) and all other solvents were purchased from Sigma
Aldrich Co. (St. Louis, MO). Flamma FCR648-NH2 was purchased from
BioActs (Incheon, Korea). All reagents were used as received without
further purification.

2.2. Instrumental methods

TEM image was taken from a transmission electron microscope
(JEM-2210, JEOL) and analyzed by Gatan DigitalMicrograph software.
UV–vis spectra were measured from a UV–vis spectrometer (UV 2550,
Shimadzu) and fluorescence spectra were measured from a
spectrofluorophotometer (RF-5301 PC, Shimadzu). Hydrodynamic vol-
ume and zeta potential were measured from zetasizer (Nano S90,
Nano Z, respectively; Malvern) at 0.1mM in Dulbecco's phosphate buff-
ered saline (DPBS, pH 7.4) or PBS (pH 5.0). Confocal laser scanning mi-
croscope (CLSM) image was obtained from Olympus FV-1000 and
analyzed by OLYMPUS FLUOVIEW ver. 1.7a Viewer software.

2.3. Extraction of andrographolide (AND) from A. paniculata

The air-dried powdered leaves of Andrographis paniculata (1 kg)
were subjected to extraction in a Soxhlet apparatus with light petro-
leumether (bp 60–80 °C), CHCl3, andMeOH respectively. TheMeOHex-
tract was partitioned between n-BuOH and water. The n-BuOH extract
(15 g), obtained after evaporation of solvent in vacuo, was
struct. The nanoconstruct is formulated by the interaction between PBA (from pPBA) and
D and PBA. Furthermore, the nanoconstruct is disassembled, leading to the release of AND,
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chromatographed on a column of silica gel (mesh 60–120) with gradi-
ent elution starting from chloroform followed by various mixtures of
CHCl3 and MeOH. A fraction eluted with 12% methanolic chloroform
yielded a compound (2.5 g), crystallized from methanol as colorless
plates, m. p. 230–231 °C; [α]25D −112.7° (c 0.53, MeOH). The structure
of the compound was established by detailed spectral studies (IR, 1H &
13C NMR, and ESI-MS, supporting information). Finally, the compound
was identified as andrographolide by direct comparison with an
authentic sample.

2.4. Preparation of poly{[methyl vinyl ether-alt-maleic acid]-co-[methyl
vinyl ether-alt-(N-3-boronophenyl-maleamic acid)]} (pPBA)

PBA-conjugated pMAnh was prepared by ring opening reaction be-
tween succinic anhydride moiety of pMAnh and amine-functionalized
PBA-NH2 (SchemeS1). Briefly, 500mgof pMAnh (3.2mmol succinic an-
hydride equivalence) was dissolved in 10 mL of dry DMSO. PBA-NH2

(160 mg, 1 mmol) was added into the solution and stirred at RT for
24 h. NaOH (0.1 N, 10mL)was added to hydrolyze the residual succinic
anhydride moiety and dialyzed against DW for 2 days (MWCO =
10,000). The final product was obtained by lyophilization. Conjugation
ratio of PBA was calculated by 1H NMR. (Yield: 91%)

1H NMR (D2O, 300 MHz): 7.7–7.0 (m, Ph, 4xH); 3.8–3.5 (m, -CH-,
1H); 3.5–3.1 (m, -OCH3, 3H); 3.1–2.4 (m, CHCOO, 2H); 2.4–1.4 (m,
-CH2-, 2H).

In addition, FCR648-NH2 was co-conjugated on the pMAnh back-
bone to introduce the fluorescence moiety for bio-imaging. Briefly,
200 mg of pMAnh was dissolved in 10 mL of dry DMSO. PBA-NH2

(70 mg) and FCR648-NH2 (5 mg) were added into the solution and
stirred at RT for 24 h. NaOH (0.1 N, 1 mL) was added dialyzed for
2 days (MWCO= 10,000). The final product was obtained by lyophili-
zation. Conjugation ratio of PBAwas calculated by 1HNMR. (Yield: 95%).

2.5. Formulation of pPBA-AND nanoconstruct (pPBA-AND-11 and pPBA-
AND-21)

pPBA-AND nanoconstruct was formulated by simple mixing meth-
od. For the formulation of nanoconstruct of 1:1 M ratio (pPBA:AND)
with final concentration of 5 mM AND, 100 μL of 50 mM pPBA was
added into the 20 μL of 250mMAND in DMSO (pPBA-AND-11). The so-
lution was mixed thoroughly and filled up to 1 mL by DPBS to obtain
pPBA-AND-11 solution. For 2:1 ratio (pPBA-AND-21), 100 mM pPBA
rather than 50 mM pPBA was utilized in a same manner.

2.6. pH-responsive affinity between PBA and diol

A pH-responsive binding between PBA and diol was measured by
monitoring the quenching of intrinsic fluorescence from PBA moiety.
In brief, 0.1 mM pPBA containing 20, 10, 5, 0.5 or 0 mM AND were pre-
pared in DPBS (pH 7.4) or PBS (pH 5.0). The fluorescence intensity of
PBAmoiety (ex = 302 nm and em= 388 nm) was measured and plot-
ted with Stern-Volmer equation.

2.7. Investigation of drug release profile

The in vitro release of AND was examined using dialysis bag
(MWCO = 3500) depending on different incubation time within a
water-soluble range [12]. Briefly, free AND, pPBA-AND-11, and pPBA-
AND-21 those containing 1mMAND respectively were loaded in a dial-
ysis bag. Samples were dialyzed against 50 mL of DPBS buffer (pH 7.4)
or PBS (pH 5.0), and DPBS containing 5 mM ATP. At each time point,
200 μL of dialyzing buffer was transferred, and the absorbance at
265 nm was detected in order to measure the release of AND. The re-
lease of free AND for 48 h incubation was designated as 100% AND
release.
2.8. Cell viability test in vitro

Cytotoxicity of the materials was evaluated under various concen-
trations. Cells (MCF-7 and PC-3) were seeded on 96 well culture plate
at a density of 8000 cells/well and incubated for overnight. A solution
of pPBA, AND, pPBA-AND-11 and pPBA-AND-21 at final concentration
of 0 to 100 μMwas treatedwith freshmedium and incubated for further
48 h. After incubation, cell viability was evaluated by MTT assay.

For MTT assay, cells were washed with DPBS and the medium was
replaced by 200 μL of MTT solution in medium (0.5 mg/mL). After incu-
bation at dark for 4 h, medium was removed thoroughly and purple
crystal was completely dissolved by 200 μL of DMSO. 100 μL of each
samplewas transferred into a new 96well plate and UV–vis absorbance
at 570 nmwasmeasured by amicroplate spectrofluorometer (VICTOR3
V multilabel counter). The relative percentages of non-treated cells
were used to represent 100% of cell viability.

2.9. Competition assay in vitro

For the competition assay, cells (MCF-7 and PC-3) were prepared as
the same way in cell viability test in vitro. Before treatment of sample,
cells were pre-incubated with free PBA (5 mM) for 30 min. In the
media containing 5 mM free PBA, free AND and pPBA-AND-21 at final
concentration of 0 to 100 μM was treated and further incubated for
48 h. Cell viability was measured using MTT assay which is explained
in upper section.

2.10. Intracellular uptake of nanoconstruct monitored by confocal laser
scanning microscopy (CLSM) image

TheMCF-7 cells were seeded on 12-well plates over glass coverslips
at an initial density of 20,000 cells/well and incubated overnight in 5%
CO2 humidified incubator. FCR-pPBA-AND nanoconstructs [11 and 21]
containing 10 μM AND were treated and incubated for 6 h with and
without the pre-incubation with 5 mM free PBA. In case of pPBA-
AND-21, same molar ratio of pPBA and FCR-pPBA were mixed in
order to normalize the fluorescence signal with FCR-648 labelled
pPBA-AND-11. After quenching the cellular uptake by adding cold
DPBS, cells were washed and fixed with 10% neutral buffered forma-
lin (NBF) solution for overnight. Cells on coverslips were mounted in
mountingmedium containing DAPI and observedwith CLSM. Images
were obtained and analyzed with Olympus Fluoview ver. 1.7a viewer
software.

2.11. Flow cytometry

TheMCF-7 cells were seeded on 6-well plates at an initial density of
200,000 cells/well and incubated overnight in 5% CO2 humidified incu-
bator. FCR-pPBA, FCR-pPBA-AND-11 FCR-pPBA-AND-21 (containing
10 μM AND) were treated and incubated for 6 h with and without the
pre-incubation with 5 mM free PBA. Same as CLSM imaging, pPBA-
AND-21was formulated with FCR-pPBA and pPBA to normalize the sig-
nal intensitywith pPBA-AND-11. After incubation, cold DPBSwas added
to stop the cellular uptake and washed with DPBS several times to re-
move nonspecific binding. The cells were then harvested by
trypsinization, and resuspended in DPBS. The flow cytometry data of
the cells were analyzed with a FACS Calibur (Becton Dickinson) and
BD Cell Quest software (Becton Dickinson), by following the manual
provided from the manufacturer.

2.12. Hemolysis assay

Hemolysis induced by each sample was evaluated by measuring
the release of hemoglobin from the erythrocytes. In brief, fresh
mouse blood was diluted 10 folds in PBS, and subsequently centri-
fuged at 2000 rpm for 15 min. Samples containing 0.5 mM AND



Fig. 1. Solubility profiles of each formulation. a) Solution of 5 mM AND in DMSO, AND in 5% DMSO, pPBA in PBS, pPBA-AND-11 and pPBA-AND-21 in 5% DMSO and b) corresponding
transmittance of each solution measured at 500 nm. c) Solution of pPBA and PBA-NH2 (100 mM) in PBS.
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(free AND in 10% DMSO, pPBA, pPBA-AND-11, and pPBA-AND-21)
were added in the diluted blood cells, and the resulting suspensions
were incubated at 37 °C for 6 h. After incubation, suspensions were
centrifuged at 2000 rpm for 15 min to make erythrocytes pellet.
The absorbance of supernatants was measured at 541 nm in order
to calculate the hemoglobin release. Saline and 1× lysis buffer were
utilized as negative control (0% hemolysis) and positive control
(100% hemolysis), respectively.

2.13. Biodistribution of pPBA-AND nanoconstruct in vivo

All animal experiments were approved by the POSTECH Biotech
Center Ethics Committee. MCF-7 cells were inoculated subcutaneously
(s.c.) at an initial density of 5 × 107 cells/mouse into the flank of female
Balb/c-nu/nu mice. After the average tumor volume reached 300 mm3,
FCR-pPBA, FCR-pPBA-AND-11, and FCR-pPBA-AND-21 (15 mg/kg
AND)were injected intravenously (i.v.). The 2:1 nanoconstruct was for-
mulated with same molar ratio of FCR-pPBA and pPBA to normalize
fluorescence signal as described in CLSM and flow cytometry analysis.
At 24 h post i.v. injection, themice were sacrificed and the fluorescence
intensity of each organ was measured with an IVIS spectrum small-
Fig. 2. Characterization of pPBA-AND nanoconstruct. a) Hydrodynamic size distribution of pPBA
c) pH 5.0, and d) pH 7.4 with 5 mM ATP. Scale bar is 0.5 μm.
animal in vivo imaging system at Pohang Technopark Biotech Center
(Califer Lifescience, Hopkinton, MA).
2.14. Monitoring tumor growth of mice

MCF-7 cells were inoculated s.c. at an initial density of
5 × 107 cells/mouse into the flank of each female Balb/c-nu/nu
mice. When the average tumor volume was 100 mm3, the mice
were divided randomly into 5 groups (5 mice per group). The mice
were then injected with 200 μL of each sample: 1) saline, 2) pPBA,
3) free AND containing 10% DMSO to solubilize AND, 4) pPBA-AND-
11 and 5) pPBA-AND-21 (30 mg/kg AND), and the tumor volume
was monitored every otherday after systemic injection of samples.
Tumor volumes were recorded following the equation for a prolate
ellipsoid: [tumor volume = (ab2/2)], where a is the longest and b is
the shortest dimension. The tumor growth was monitored when
the tumor was ulcerated, at which time the mice were sacrificed ac-
cording to the POSTECH Biotech Center Ethics Committee. All data
was represented asmean± SE and all statistical differences were an-
alyzed using the software GraphPad Prism 6.
-AND-21 in different pH- and ATP-conditions and corresponding TEM images at b) pH 7.4,



Fig. 3. Stimuli-responsive drug release of a) pPBA-AND-21 and b) pPBA-AND-11 under intracellular pH and ATP concentrations.
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3. Results and discussion

3.1. Preparation and characterization of pPBA-AND nanoconstructs

In order to solubilize AND into an aqueous solution, pPBA was syn-
thesized by a ring-opening reaction between the succinic anhydride
moiety on pMAnh and amine-functionalized PBA (PBA-NH2). Although
there is a previously reported synthetic method for the preparation of
pPBA [46], it requires a toxic organic solvent and thermal activation
up to 90 °C, thus impeding the introduction offluorescence dyes or ther-
mo-sensitive biological molecules. On the other hand, in this report, a
simple mixing of pMAnh and PBA-NH2 in DMSO at room temperature
with a subsequent hydrolysis step produced the PBA pendant-modified
hydrophilic polymer, pPBA (Scheme S1). It is worth highlighting that
this reaction was performed at room temperature and did not require
any toxic organic solvent or additional catalyst; thus, 1) it is highly
atom economical and 2) any amine-modified functional molecules can
be easily introduced [21]. In this regard, an amine-functionalized
fluorescent dye (FCR648-NH2) was conjugated to pPBA to obtain the
dye-labelled pPBA (FCR-pPBA). The molar ratio of PBA on pPBA was
calculated as 156 PBA moieties per 513 repeating units using 1H NMR
(Fig. S1). In addition, a peak change of the C_O stretch from anhydride
(1830–1800 cm−1 and 1775–1740 cm−1, pMAnh) to carboxylic acid
(1730–1700 cm−1, maleic acid unit) and amide (1680–1630 cm−1,
PBA-conjugated maleamic acid unit) indicated the successful introduc-
tion of PBA on the pMAnh backbone (Fig. S2).

As mentioned above, the extremely low solubility of AND in an
aqueous solution hinders the biomedical application of this compound
as an anticancer or immunotherapy [12]. In order to surpass such draw-
backs and apply the drug in a suitable delivery system, a pPBA-AND
nanoconstruct was formulated by simple mixing of pPBA and an AND
solution at the desired PBA:AND molar ratio of 1:1 and 2:1 (pPBA-
AND-11 and pPBA-AND-21 respectively). As expected, 5 mM AND was
well solubilized in DMSO, whereas it was readily precipitated by
Fig. 4. Dose-dependent cytotoxicity of pPBA, AND, pPBA-AND-11, and pPBA
addition of an aqueous buffer at a final concentration of 5% DMSO/PBS,
whichwas further represented by low transmittance (Fig. 1a–b). Other-
wise, AND was solubilized into an aqueous medium (5% DMSO/PBS)
upon addition of pPBA; both 1:1 and 2:1 nanoconstructs were well dis-
persed in an aqueous solution.Moreover, grafting PBA onto pMAnh also
increased the solubility of PBA up to 100 mM (Fig. 1c); this is possibly
due to the introduction of a carboxylic group on the polymer backbone.
The content of AND in pPBA-AND-11 and pPBA-AND-21 was 34% and
20% (w/w) respectively.

3.2. Stimuli-responsive behaviors of pPBA-AND nanoconstructs

It is widely known that formation of a boronic ester between PBA
and cis-diol is highly responsive to external conditions such as acidic
pH or other diols (Scheme S2) [38–44]. Because quenching of the intrin-
sic fluorescence of PBA is induced through interaction with a diol, a pH-
and concentration-dependent quenching was measured and plotted
using the Stern-Volmer equation (Fig. S3) [42,45]. As demonstrated in
Fig. S3b, a steady-state quenching of PBA was observed with increasing
concentrations of AND, indicating the high affinity of AND and PBA in
comparison with other sugar moieties [45]. Moreover, a lower slope at
acidic conditions represented a pH-responsive affinity difference.

In this study, pPBA was designed to solubilize AND via formation of
a nanoconstruct based on the interaction between the PBA moiety and
a diol of AND. Owing to the environment-specific binding affinity of
the boronic ester, both intracellular endosomal acidic pH (~5.0) and
high concentrations of ATP ([ATP], 5–10 mM) were expected to influ-
ence the pPBA-AND nanoconstruct. In this regard, both pH- and [ATP]-
responsive properties of pPBA materials were evaluated by monitoring
its size distribution at pH 7.4, pH 5.0, or 5 mM ATP using dynamic light
scattering (DLS). In the case of pPBA, size was slightly decreased at
pH 5.0 due to more hydrophobic characteristics of the carboxylic
group (protonation at lower pH), while no significant differences were
induced by addition of ATP (Fig. S4b). The size distribution of pPBA-
-AND-21 against a) MCF-7 and b) PC-3 cell lines after 48 h incubation.



Fig. 5. In vitro competition assay. Cytotoxicity of AND and pPBA-AND-21 against a) MCF-7 and b) PC-3 cell lines after 48 h incubation with or without pre-treatment of free PBA (5 mM).
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AND-11 was broadened at acidic pH and AND was readily precipitated
at 5mMATP, resulting in the loss of signal in DLS (Fig. S4). Interestingly,
pPBA-AND-21 showed the smallest size at pH7.4 indicating a strong bo-
ronic ester and hydrophobic interaction, which was also observed by
TEM images (Fig. 2a–b). On the other hand, the size distribution of
pPBA-AND-21 was dramatically changed at both acidic pH and high
[ATP]. Under these conditions, we could no longer observe an apparent
structure from TEM images, which reveals the destruction of the
nanoconstruct and successful release of AND (Fig. 2a, c–d).

In order to prove the stimuli-responsive release of AND, the release
profile of AND from pPBA-AND nanoconstructs was evaluated at differ-
ent pH and [ATP] (Fig. 3). The result in Fig. 3a demonstrates that approx-
imately 80% and 60% of ANDwas released frompPBA-AND-21 after 48 h
at intracellular pH and in the presence of ATP, respectively. However, at
neutral pHwithout ATP, negligible amounts of ANDwere released, sug-
gesting the pH and ATP dual-sensitive AND release from the 2:1
nanoconstruct. AND release from pPBA-AND-11 was also regulated by
acidic pH and [ATP]; however, the sensitivity to each stimulus was
lower than that of the 2:1 nanoconstruct, whichmight be due to the rel-
atively low stability of the 1:1 nanoconstruct (Fig. 3b).

3.3. In vitro anticancer effect and tumor targeting

Favorable properties of pPBA-AND nanoconstruct, such as high drug
contents (around 20%w/w for pPBA-AND-21), suitable size (~100 nm),
and intracellular pH-responsive drug release, strongly suggest the ther-
apeutic potential of the pPBA-AND nanoconstruct; moreover, a cancer-
targeting effect of the residual PBAmoiety is expected. In order to dem-
onstrate the therapeutic effect of the nanoconstruct, the in vitro cytotox-
icity of AND and pPBA-AND nanoconstructs was evaluated (Fig. 4).
Owing to the strong negative charge and biocompatibility of hydrolyzed
pMAnh, pPBA did not show any significant cytotoxicity as we reported
Fig. 6. Quantification of targeting effect. Cells treated with FCR-labelled pPBA-AND-11 and pPB
microscopy.
previously [21]. Free AND exhibited an IC50 value of around 30 μM,
which is similar to that of pPBA-AND-11. Interestingly, the IC50 value
of pPBA-AND-21 was 5.1- or 3.5-fold lower than that of free AND in a
MCF-7 or PC-3 cell line, respectively, which might be due to the
targeting ability of residual PBA moieties.

In order to demonstrate the targeting ability of residual PBA, free
PBA was pre-treated before treatment of pPBA-AND nanoconstructs to
conduct the competition assay (Fig. 5). Pre-treated 5 mM PBA was ex-
pected to bind with sialylated epitopes on the cellular membrane and
occupy the binding domain of cancer cells, thus inhibiting the cellular
uptake of our nanoconstructs [42,45]. As shown in Fig. 5, the cytotoxic-
ity of AND was maintained regardless of pre-treatment of free PBA,
whereas that of pPBA-AND-21 was decreased dramatically to a level
similar of free AND (in the case of pre-treatment of free PBA). This result
implies the targeting ability of residual PBA of pPBA-AND-21.

To further confirm the residual PBA-assisted targeting effect in a
quantitative manner, flow cytometry was performed with the
nanoconstruct formulated by fluorescent dye labelled pPBA (FCR-
pPBA). As shown in Fig. 6a, pPBA-AND-21 exhibited 2-fold higher cellu-
lar internalization in comparison to pPBA-AND-11, in accordance with
the confocal microscopic image presented in Fig. 6b, where it is ob-
served a stronger fluorescence signal from the 2:1 nanoconstruct com-
pared with the 1:1 nanoconstruct. This can be explained by the
targeting effect from the residual PBA moiety on the surface of pPBA-
AND-21, because pPBA-AND-11 without residual PBA exhibited rela-
tively less uptake. Interestingly, pPBA, by itself, showed a 6-fold and 3-
fold lower uptake when compared to the 2:1 and 1:1 nanoconstructs,
respectively, further indicating that the formation of a specific nano-
structure with AND is another critical factor for successful cellular up-
take. In addition, pre-treatment of PBA with pPBA-AND-21 reduced
the internalization of nanoconstruct (2.6-fold), whereas uptake of
pPBA-AND-11 was reduced 1.22-fold only, reinforcing the fact that the
A-AND-21 (containing 10 μM AND) were analyzed by a) flow cytometry and b) confocal



Fig. 7. Evaluation of nanoconstruct upon systemic administration. a) Hemolysis rates of pPBA, AND, pPBA-AND-11, and pPBA-AND-21. b) In vivo bio-distribution of pPBA, pPBA-AND-11,
and pPBA-AND-21.
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residual PBA onpPBA-AND-21 enhanced the targeting effectwithout in-
troducing other targeting moiety (Fig. S5a–b). Moreover, the fluores-
cence signal of pPBA-AND-21 without free PBA was strongest than in
any other formulations, in accordancewith the results fromflowcytom-
etry analysis (Fig. S5c–d).

3.4. In vivo experiments using pPBA-AND nanoconstructs

In accordance with the previous results, the pPBA-AND
nanoconstruct was expected to be promising at a systemic level for sev-
eral reasons: 1)minimized usage of organic solvents resulting in its high
water solubility and 2) absence of any positively charged molecules,
which possibly leads to nonspecific toxicity. Prior to evaluating the ther-
apeutic effect of the nanoconstruct in vivo, a hemolysis assay was per-
formed at approximately the effective concentration of AND (5 mM)
to ensure the blood compatibility of our pPBA-AND nanoconstructs
(Fig. 7a). In the case of free AND, at least 10% of DMSO is required to sol-
ubilize the compound in an aqueous medium due to the extremely low
aqueous solubility. However, it is well known that organic solvents like
DMSO can induce acute hemolysis leading to drastic systemic damage.
Accordingly, severe hemoglobin leakage was induced by free AND in
10% DMSO, which could cause serious anemia and crucial systemic
damage. On the other hand, the high aqueous solubility of pPBA and
pPBA-AND nanoconstructs enabled the formation of a nanostructure
with minimal levels of organic solvent; thus pPBA, pPBA-AND-11, and
pPBA-AND-21 exhibited relatively low hemolytic behavior. These re-
sults assure the safety for systemic administration of pPBA-AND
nanoconstruct.

Next, the fluorescence intensity of each organ after systemic injec-
tion of samples was measured to verify the cancer-targeting ability of
the PBA moiety. As demonstrated in Fig. 7b, accumulation of pPBA-
Fig. 8. In vivo antitumor study. a) Tumor growth profile ofMCF-7 bearing balb/c nudemice after
day 18.
AND-21 at the tumor site was 1.8-fold higher than that of pPBA-AND-
11, demonstrating that the residual PBA moiety plays a pivotal role as
a targeting ligand, consistent with the results obtained at a cellular
level (Fig. 6a). Although the accumulation of nanoconstructs was higher
at various organs like liver or kidney, cellular internalization of
nanoconstructs would be lower at other organs than that of tumor
due to the residual PBAs which enable specific internalization of
nanoconstructs into the tumor cells. Interestingly, pPBA itself exhibited
relatively lower accumulation at the tumor site compared with both
pPBA-AND-11 and pPBA-AND-21. This result implies that the formation
of an appropriate nanostructure is crucial for accumulation at the tumor
site through the EPR effect, as previously discussed in the flow cytome-
try analysis.

Although the therapeutic potential of AND has emerged among var-
ious bioactive natural products, the biomedical application of AND has
been hindered due to low aqueous solubility [12]. In order to challenge
such drawback, a pPBA-AND nanoconstruct was formulated to intro-
duce a tumor-targeting ability and enhance solubility. The pPBA-AND
nanoconstruct exhibited great potential in vitro, especially for its anti-
cancer activity, by forming a stable and water-soluble nanoconstruct.
To expand the application to an in vivo setting, the anticancer activity
of pPBA-AND nanoconstructs was evaluated against MCF-7 cancer cell
xenograft mice (Fig. 8). Mice were injected with the following samples:
1) saline, 2) pPBA, 3) free AND in 10% DMSO, 4) pPBA-AND-11, and 5)
pPBA-AND-21. The tumor volume was monitored every other day
after systemic injection of samples. As shown in Fig. 8a, the pPBA-treat-
ed group exhibited similar tumor growth compared with that of the sa-
line-treated group, indicating that pPBA, by itself, does not influence
tumor growth. In the case of the free AND-treated group, tumor growth
was inhibited to some level due to its intrinsic antitumor effect. Howev-
er, as revealed by the hemolysis assay, free AND might not be suitable
treatmentwith each formulation (n=5; ⁎⁎p b 0.01, ⁎⁎⁎p b 0.001) and b)weight of tumor at
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for systemic injection because it contains an organic solvent in order to
solubilize the compound. Tumor growth in the pPBA-AND-11-treated
group was inhibited to a similar degree as that of free AND. Strikingly,
tumor growth inhibition in the pPBA-AND-21-treated group was the
highest among the samples, possibly due to several reasons: 1) high
aqueous stability and blood compatibility, 2) targeting effect of residual
PBA, 3) compact nano-sized structure formation, and 4) intracellular
environment-specific release of AND (Fig. 8b). Body weight changes
were also recorded to monitor acute toxicity, and there were no appar-
ent body weight changes in any group, indicating that neither pPBA,
AND, nor its nanoconstructs were toxic within the administered dose
range (Fig. S7). These in vivo results definitely clarify the potential of
the pPBA-AND nanoconstruct as an effective anticancer therapeutic
agent by taking advantages of both PBA and AND.

4. Conclusion

In conclusion, our study demonstrated the design of a self-forming
nanoconstruct based on a PBA-grafted hydrophilic polymer and AND,
which is derived from a natural product, and its application for tumor-
targeted and stimuli-responsive anticancer drug delivery. The binding
of PBA to AND enabled the formation of a nano-sized structure in aque-
ous solution through a simple mixture, which permitted AND to be re-
leased in specific intracellular condition, specifically low pH and high
ATP concentration. The targeting effect of the residual PBA moiety on
thepPBA-ANDnanoconstruct (pPBA-AND-21)was confirmed in a cellu-
lar and systemic level. Finally, our pPBA-AND nanoconstruct exhibited
significant tumor growth inhibition owing to aforementioned reasons.
The rationally designed nanoconstruct described herein suggests a
methodological way to systemically design a delivery vehicle using bo-
ronic ester chemistry; a method that could be further applied to deliver
other cis-diol containing drugs like doxorubicin or carbohydrate
derivatives.
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