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A B S T R A C T

Zoledronic acid (ZA), a third-generation nitrogen-heterocycle-containing bisphosphonate, has been frequently
used as an anti-resorptive agent to treat cancer-involved hypercalcemia and painful bone metastases. In order to
expand the clinical applications of ZA toward the extraskeletal tumor treatment, it is essential to develop the
functionalized nanocarriers capable of carrying high ZA payload and achieving intracellular triggered ZA re-
lease. In this end, the ZA-encapsulated hybrid polymeric nanoparticles were fabricated in this work by co-
association of the amphiphilic diblock copolymer poly(lactic-co-glycolic acid)-b-poly(ethylene glycol) (PLGA-b-
PEG), tocopheryl polyethylene glycol succinate (TPGS) segments and ionic complexes composed of ZA molecules
and branched poly(ethylenimine) (PEI) segments. Notably, the ionic pairings of PEI segments with ZA molecules
not only assisted encapsulation of ZA into the PLGA-rich core of hybrid nanoparticles but also reduced adhesion
of ZA on the surfaces of hydrophobic cores, thus largely increasing ZA loading capacity. The dynamic light
scattering (DLS) and transmission electron microscopy (TEM) characterization revealed that the ZA/PEI-loaded
nanoparticles had a well-dispersed spherical shape. Moreover, compared to short PEI1.8k (1.8 kDa) segments, the
longer PEI10k (10 kDa) segments formed more robust complexes with ZA molecules, thus prominently promoting
ZA loading content of hybrid nanoparticles and their colloidal stability. Interestingly, with the suspension pH
being reduced from 7.4 to 5.0, the considerable disruption of ZA/PEI ionic complexes owing to the acid-activated
protonation of ZA molecules and the developed proton sponge-like effect inside the nanoparticle matrix upon the
protonated PEI segments facilitated the rapid release of ZA molecules from drug-loaded hybrid nanoparticles.
The results of in vitro cellular uptake and cytotoxicity studies showed that the ZA/PEI-loaded hybrid nano-
particles were internalized by MCF-7 cells upon energy-dependent endocytosis and displayed a superior cyto-
toxic effect to free ZA. This work demonstrates that the unique ZA/PEI-loaded hybrid polymeric nanoparticles
display great promise for anticancer applications.

1. Introduction

Zoledronic acid (ZA), a third-generation nitrogen-heterocycle-con-
taining bisphosphonate, has been extensively utilized as an anti-re-
sorptive agent to treat osteoporosis and cancer bone metastasis [1–7].
Several clinical trials have reported that ZA can not only suppress
skeletal tumor growth but also relieve cancer-involved bone diseases
such as bone fracture and pain [1–7]. Moreover, through the inhibition
of farnesyl diphosphate synthase (FPPS), a key enzyme of the mevalo-
nate pathway, ZA can reduce cell migration, elicit apoptosis of cancer
cells and suppress tumor growth in vitro in different types of cancer
including breast and prostate cancer [8,9]. Furthermore, it was men-
tioned that ZA exhibited selective toxicity to tumor-associated macro-
phages (TAMs), thus showing promising potential for cancer

immunotherapy [10–12]. Based on these studies, an antitumor potency
of ZA has been demonstrated, however, the clinical translation of ZA as
a cytotoxic agent to treat the extra-skeletal tumor are largely restricted
due to its rapid elimination from plasma upon intravenous (i.v.) in-
jection (blood circulation half-life of ca. 105 min) and massive ad-
sorption by the bone tissue (ca. 55% of i.v.-administrated ZA) that
considerably diminish the accumulation of ZA within the extra-skeletal
tumor [12–16].

In order to enable the use of ZA on the treatment of extra-skeletal
tumors, taking advantage of unique enhanced permeability and reten-
tion (EPR) effect of solid tumors, various nanoparticles such as lipo-
somes [17,18], polymeric nanoassemblies [16,19], iron oxide nano-
particles [20], mesoporous silica nanocarriers (MSNs) [7,21] and
nanoscaled metal-organic frameworks (nMOFs) [1,2,22] have been
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developed as carriers of ZA. Among them, the ZA-loaded liposomes
improved pharmacokinetics and biodistribution of ZA molecules to
some extent, but did not show satisfied antitumor outcome owing to
their relatively low drug loading (below 10%) [18]. To achieving high
ZA loading, Wang and co-workers developed the folate-conjugated
nMOF formulations of ZA composed of a hybrid dioleoylphosphatydic
acid-coated calcium/ZA core and a poly(ethylene glycol) (PEG) surface
by the water-in-oil micro-emulsion procedure [1]. The folate-con-
jugated calcium/ZA-based MOFs with a ZA loading content of 50.6 wt%
not only possessed stable colloidal dispersion under physiological
conditions but also realized intracellular release of ZA within the mid-
endosomes. By the inhibition of tumor neovasculature and cancer cell
proliferation, the calcium/ZA-based MOFs appreciably augmented an-
titumor capacity of ZA by 80–85% in vivo. Furthermore, the calcium/
ZA nanocomplexes-encapsulated poly(lactic-co-glycolic acid) (PLGA)
nanoparticles covered with octadecanoic acid-hydrazone-PEG (2000)
segments were created by Cui's group [16]. The resultant ZA-containing
nanoparticles effectively retarded premature ZA liberation in a simu-
lated physiological environment and promoted cytotoxicity to both
murine cancer cells and macrophages. The findings of in vivo study
showed that the ZA-loaded PLGA-based nanoparticles not only in-
creased deposition of ZA in orthotopically transplanted mammary tu-
mors of mice but also considerably decreased the distribution of ZA in
bones, thus exhibiting superior antitumor potency to the equivalent
dose of free ZA. On the other hand, Rosenholm et al. have designed the
poly(ethylenimine) (PEI)-modified MSNs to laden ZA and regulated ZA
release rate by a tethered lipid bilayer acting as the “gate-keeper” [7].
Notably, the ZA-loaded nanocarriers after i.v.-injection remarkably re-
duced nonspecific accumulation of ZA within bone and inhibited tumor
growth in breast tumor-bearing mice. In spite of the evident progress in
targeted therapy of ZA to extra-skeletal tumors, it is a pity that the
process of fabricating the aforementioned ZA-loaded nanoparticles in-
volves the use of complicate materials, numerous organic solvents and
multiple-step procedures, thus being not beneficial to large-scaled
production and clinic translation.

To address the above issues, we herein report the fabrication of ZA/
PEI-encapsulated hybrid polymeric nanoparticles by a simple single-
step nanoprecipitation method. In this work, the amphiphilic diblock
copolymer PLGA-b-PEG was utilized as the major component of ZA-
loaded polymeric nanoparticles due to its excellent biodegradability
and biocompatibility [23,24]. Furthermore, the D-α-tocopheryl poly-
ethylene glycol succinate (TPGS) was employed to combine with the
PLGA-b-PEG-based nanoparticles because of its amphiphilic nature and
overcoming multiple drug resistance as the inhibitor of P-glycoprotein
[25,26]. As shown in several studies [25–27], TPGS has been ex-
tensively utilized as a stabilizer, permeation enhancer, absorption en-
hancer, emulsifier, wetting agent and spreading agent while fabricating
drug delivery systems. By the incorporation of ZA/PEI ionic complexes
into the polymeric nanoparticles assembled by the amphiphilic PLGA-b-
PEG and TPGS segments, the ZA loading efficiency was considerably
promoted. Moreover, the structural characteristics of ZA/PEI-en-
capsulated nanoparticles were studied by variable angle dynamic light
scattering (DLS), transmission electron microscopy (TEM), proton nu-
clear magnetic resonance (1H NMR) and zeta potential measurements.
The effects of molar ratio of amine and phosphonate groups from PEI
and ZA, and of chain length of PEI segments on the physiochemical
properties of ZA/PEI-encapsulated nanoparticles were further explored.
Furthermore, in addition to the in vitro ZA release profile, the in vitro
cellular uptake of ZA/PEI-encapsulated nanoparticles by MCF-7 cells
and their in vitro cytotoxicity were also evaluated.

2. Experimental section

2.1. Materials

ZA was purchased from Tokyo Chemical Industry, CO., LTD (Japan).

PLGA(50/50)-b-PEG5k (I.V. 0.21 dL/g) and PLGA(75/25)-b-PEG5k (I.V.
0.21 dL/g) were acquired from Green Square (Taiwan). Branched
PEI10k (M.W. = 10 kDa) and PEI1.8k (1.8 kDa) were obtained from Alfa
Aesar (USA). Dulbecco's modified Eagle medium (DMEM), Hoechst
33342, and fetal bovine serum (FBS) were purchased from Invitrogen
(USA). TPGS, D2O used in 1H NMR measurements and 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
obtained from Sigma-Aldrich (USA). Deionized water was produced
from Milli-Q Synthesis (18 MΩ, Millipore). All other chemicals were
reagent grade and used as received. MCF-7 cells (human breast cancer
cell line) and TRAMP-C1 (mouse prostate cancer cell line) were ob-
tained from Food Industry Research and Development Institute
(Hsinchu City, Taiwan).

2.2. Preparation of hybrid polymeric nanoparticles

Various hybrid polymeric nanoparticles loaded with either ZA alone
or ZA/PEI ionic complexes were attained by one-step nanoprecipitation
manner. The TPGS/PLGA(50/50)-b-PEG5k nanoparticles (referred
hereinafter as TP1Ns) laden with ZA/PEI10k complexes were prepared
as follows. First, ZA (3.2 mg) and branched PEI10k (4.6 mg) were dis-
solved in tris buffer of pH 8.5 and 6.0 (0.8 mL), respectively. The ZA
solution was then added into PEI solution and stirred at 1000 rpm for
30 min to obtain the ZA/PEI mixtures. The ratio of the number of amine
from PEI to the number of phosphonates from ZA (N/P ratio) was fixed
at 4.5. TPGS (2.0 mg) in pH 7.4 tris buffer (0.1 mL) was added dropwise
to the ZA/PEI mixtures under stirring at 1200 rpm. Subsequently,
PLGA(50/50)-b-PEG5k (8.0 mg) dissolved in DMSO (0.3 mL) was added
dropwise to the ZA/PEI/TPGS-containing aqueous solution (1.7 mL)
under stirring. The mixed solution was gently stirred at 25 °C for
30 min, followed by an equilibration period of 1 h. The ZA/PEI-loaded
TP1N suspension was dialyzed (Cellu Sep MWCO 12,000–14,000)
against pH 7.4 phosphate buffer (10 mM) at room temperature to
eliminate DMSO and unloaded ZA. For comparison, the pristine TP1Ns,
ZA-loaded TP1Ns, ZA/PEI10k-encapsulated TP1Ns (1.5) with an N/P
ratio of 1.5 and ZA/PEI1.8k-encapsulated TP1Ns (4.5) with an N/P ratio
of 4.5 were also prepared in a similar manner. Furthermore, the TPGS/
PLGA(75/25)-b-PEG5k nanoparticles (denoted hereinafter as TP2Ns)
containing ZA/PEI10k ionic complexes with an N/P ratio of 4.5 were
obtained by the same way.

2.3. Characterization of ZA/PEI10k ionic complexes and various hybrid
polymeric nanoparticles

The zeta potential of free ZA, branched PEI10k, ZA/PEI10k ionic
complexes with N/P ratios of 1.5 and 4.5, and hybrid nanoparticles
loaded with either ZA/PEI complexes or ZA alone in aqueous solution
was measured by DLS using a ZetaSizer Nano Series instrument
(Malvern Instruments, U.K.). In addition, the 1H NMR measurement of
free ZA, branched PEI10k, ZA/PEI10k mixtures and ZA/PEI10k-loaded
TP1Ns (4.5) in D2O, and of PLGA(50/50)-b-PEG and TPGS in CDCl3 was
conducted at 20 °C on a Agilent DD2 NMR spectrometer at 600 MHz.
The particle size and size distribution (polydispersity index, PDI) of
drug-free TP1Ns and the hybrid nanoparticles loaded with either ZA/
PEI complexes or ZA alone in pH 7.4 phosphate-buffered saline (PBS)
were determined by a Brookhaven BI-200SM goniometer equipped with
a BI-9000 AT digital correlator using a solid-state laser (35 mW,
λ = 637 nm) detected at a scattering angle of 90o. The data shown
herein represent an average of at least triplicate measurements.
Moreover, the angular dependence of the autocorrelation functions of
various hybrid polymeric nanoparticles was assessed with the above
apparatus. Correlation functions were attained by the cumulant method
at different angles. The morphology of pristine and cargo-loaded hybrid
nanoparticles was examined by TEM (JEOL JEM-1400 CXII micro-
scope). TEM samples were prepared by placing some drops of the na-
noparticle dispersion on a 300-mesh carbon-covered copper grid and

M.-C. Xiao, et al. Materials Science & Engineering C 116 (2020) 111277

2



then negatively stained with uranyl acetate solution (2.0 wt%) for 20 s.
The samples were dried at 25 °C for 2 days prior to TEM observation.

2.4. ZA encapsulation efficiency

In order to quantitatively determine ZA loading content, a small
portion of ZA-containing nanoparticle suspension was lyophilized and
then dispersed in DMSO to destroy the colloidal structure and enable
ZA precipitation. The ZA precipitate was collected by centrifugal se-
paration, followed by lyophilization. After freeze-drying, the ZA pellets
were dissolved in deionized water. The absorbance of ZA at 210 nm was
measured by UV/Vis spectrophotometer (U2900, Hitachi, Japan). The
ZA calibration curve employed for drug loading characterization was
revealed in Fig. S1. The loading efficiency (LE) and loading content (LC)
of ZA were calculated as following formulas:

= ×LE (%) (weight of ZA loaded/weight of ZA in feed) 100%.

=

− ×

LC (%)

(weight of ZA loaded

/total weight of ZA containing hybrid nanoparticles) 100%.

2.5. In vitro ZA release

The in vitro ZA release of ZA/PEI10k-encapsulated hybrid nano-
particles was executed by the dialysis method. The ICG/PEI-loaded
nanoparticle suspension (1.0 mL) was placed within a dialysis tube
(Cellu Sep MWCO 12,000–14,000), followed by dialysis against PBS
(pH 7.4) and acetate buffer (pH 5.0) (ionic strength 0.15 M, 20 mL),
respectively, at 37 °C. At the prescribed time intervals, 1.0 mL of dia-
lysate (pH 5.0 or 7.4) was taken for analysis and replaced with an
equivalent volume of fresh medium. ThermoFisher high-performance
liquid chromatography (HPLC) with a reversed-phase C18 column
(4.6 × 250 mm and 5 μm, Sigma-Aldrich (USA)) was utilized to de-
termine the ZA concentration. The mobile phase was consisting of
aqueous orthophosphoric acid solution (pH 6.0) and acetonitrile
(88:12, v/v) with a gradient elution pumped at a flow rate of 1.0 mL/
min, and the temperature of column was kept at 27 °C. The absorbance
of ZA at 215 nm was determined. The data presented herein represent
an average of triplicate measurements.

2.6. In vitro cellular uptake

Due to the lack of fluorescence property of ZA molecules, DiO, as a
hydrophobic fluorescent dye, was encapsulated into ZA/PEI10k-loaded
TP2Ns for evaluating the cellular uptake using fluorescence imaging.
MCF-7 cells (2 × 105 cells/well) were seeded in 6-well plate containing
22 mm round glass coverslips and cultured overnight. The cells were
then incubated with DiO-labeled ZA/PEI10k-loaded TP2Ns at 37 and
4 °C, respectively, for 1 h. Upon washing twice with PBS and fixing with
4% formaldehyde, the cells were stained with Hoechst 33342 for 5 min,
and the slides were rinsed three times with PBS. Coverslips were placed
onto the glass microscope slides, and the cellular uptake of DiO-labeled

nanoparticles was visualized at the excitation wavelengths of 405 and
488 nm for Hoechst and DiO, respectively, by a confocal laser scanning
microscope (CLSM) (Olympus, FluoView FV3000, Japan).

2.7. In vitro cytotoxicity study

MCF-7 cells were seeded in a 96-well plate at a density of 1 × 104

cells/well in DMEM (100 μL) containing 10% FBS and 1% penicillin,
and incubated at 37 °C for 24 h. The medium was then replaced with
100 μL of fresh medium containing either free ZA or ZA/PEI10k-loaded
TP2Ns (4.5) at varying ZA concentrations or ZA-free TP2Ns, and cells
were incubated at 37 °C for 48 h. Thereafter, 100 μL MTT (5.0 mg/mL)
was added into each well, followed by incubation at 37 °C for 3 h. After
discarding the culture medium, DMSO was added to dissolve the pre-
cipitate and the absorbance of the resulting solution at 570 nm was
measured using a BioTek 800TS microplate reader.

3. Results and discussion

3.1. Preparation and characterization of ZA/PEI-encapsulated hybrid
polymeric nanoparticles

To facilitate the use of ZA to treat extraskeletal tumors by boosting
its concentration within tumor sites, it is requisite to reduce renal
clearance and binding of ZA to bones following i.v. administration of
this drug. In this end, the functionalized nanocarriers should be
equipped with the capability of carrying high ZA payload and pre-
venting ZA premature leakage during the blood circulation. In early
stage of this study, through co-assembly of amphiphilic PLGA(50/50)-
b-PEG5k and TPGS segments in pH 7.4 aqueous solutions containing ZA
molecules using the one-step nanoprecipitation procedure, the ZA-
loaded TP1Ns were attained. Unfortunately, the ZA-loaded TP1Ns
showed a quite low drug loading efficiency (ca. 26.2%) (Table 1). This
result indicates that most of the hydrophilic ZA molecules were not
efficiently encapsulated into the hydrophobic PLGA-constituted cores of
TP1Ns due to their negatively-charged bisphosphonate groups. Notably,
the zeta potential of TP1Ns upon the ZA loading at pH 7.4 was sig-
nificantly shifted from −9.3 to −15.6 mV, revealing that ZA molecules
were mainly adsorbed on the surfaces of hybrid nanoparticles, thus
increasing negative charges on colloidal surfaces. Considering the easy
condensation of positive charge-rich PEI segments with different ne-
gative ion-containing biomolecules (DNA or proteins) through neu-
tralization or complexation [28,29], we assumed that it was possible to
promote encapsulation of anionic ZA into the solid core of TP1Ns by
forming hydrophobic electrostatic complexes with the positively-
charged PEI segments. In order to verify the achievability of our
strategy, by addition of aqueous ZA solution (pH 8.0) into PEI10k-con-
taining tris buffer solution (pH 6.0), the ZA/PEI10k mixtures were ob-
tained and characterized. As shown in Fig. 1a, the zeta potential of ZA
molecules after being combined with PEI10k segments at an N/P ratio of
1.5 was considerably changed from −10.8 mV to +5.1 mV. A similar
zeta potential conversion was also attained in ZA/PEI10k mixtures with
an N/P ratio of 4.5. These data clearly signify the formation of ZA/
PEI10k ionic complexes upon the electrostatic attraction of

Table 1
Physiochemical properties, drug loading efficiency and content of ZA-containing hybrid nanoparticles.

Sample Dh (nm) PDI aZP (mV) LE (%) LC (wt%)

Pristine TP1Ns 115.6 ± 5.9 0.16 ± 0.03 −9.3 ± 0.9 – –
ZA-loaded TP1Ns 201.1 ± 4.3 0.16 ± 0.03 −15.6 ± 0.7 23.3 ± 3.2 4.9 ± 0.6
ZA/PEI10k-loaded TP1Ns (1.5) 139.9 ± 2.5 0.14 ± 0.05 3.0 ± 0.9 46.5 ± 1.4 10.6 ± 0.6
ZA/PEI10k-loaded TP1Ns (4.5) 123.0 ± 1.8 0.13 ± 0.04 5.4 ± 1.3 90.1 ± 3.2 16.5 ± 0.5
ZA/PEI1.8k-loaded TP1Ns (4.5) 149.2 ± 6.6 0.20 ± 0.05 −2.1 ± 0.9 38.0 ± 1.7 7.5 ± 0.2
ZA/PEI10k-loaded TP2Ns (4.5) 130.4 ± 4.0 0.20 ± 0.03 0.43 ± 0.4 75.3 ± 2.9 14.2 ± 0.5

a ZP: zeta potential.
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bisphosphonate and amine groups from ZA molecules and PEI10k seg-
ments. On the other hand, the development of ionic pairings between
ZA molecules and PEI10k segments was further demonstrated by the 1H
NMR measurement. As presented in Fig. 1b, the characteristic proton
signals of imidazole and methylene groups of free ZA in D2O appeared
at δ 7.4, 7.5, 8.8 and 4.7 ppm, respectively, while the corresponding
proton signals of ZA from the ZA/PEI10k mixtures became significantly
up-field shifted. Such an up-field shift of proton signals could be at-
tributed to the enhanced electron shielding effect on proton-nucleus of
ZA molecules complexed with the PEI10k segments. Moreover, in com-
parison with PEI segments alone, the ZA/PEI10k mixtures showed the
broader PEI proton signals, being indicative of a remarkable increase in
the environmental heterogeneity of the coupled PEI segments. The
findings of 1H NMR and zeta potential characterization strongly con-
firm the generation of ZA/PEI10k ionic complexes.

On the basis of the above observation, PEI10k was employed for the
preparation of the ZA/PEI10k-loaded TP1Ns. As shown in Table 1, the
drug loading efficiency of ZA/PEI10k-loaded TP1Ns (N/P ratio = 1.5)
determined to be ca 46.5% was higher than that (ca 23.3%) of the ZA-
loaded TP1Ns. Notably, when the N/P ratio of ZA/PEI10k complexes in
feed was raised from 1.5 to 4.5, the drug loading efficiency of ZA/
PEI10k-loaded TP1Ns was largely increased from 46.5 to 90.1%. Dif-
ferent from the ZA-loaded TP1Ns with the significantly negative zeta
potential value, the ZA/PEI10k-loaded TP1Ns showed slightly positive
zeta potential values (Table 1). These results suggest that the formation
of more ZA/PEI10k ionic complexes really assists the encapsulation of
ZA into the hydrophobic core of TP1Ns instead of their surfaces. Al-
though the drug loading content (16.5 wt%) of ZA/PEI10k-loaded TP1Ns
(4.5) is lower than that (50.6 wt%) of the folate-conjugated calcium/

ZA-based MOFs developed by Wang's group [1], it is noteworthy to
mention that, in comparison with the complicated processes adopted to
prepare the calcium/ZA-based MOFs, the current strategy of fabricating
ZA/PEI-loaded polymeric nanoparticles has several advantages in-
cluding the one-step co-assembly procedure, unnecessary numerous
organic solvents and surfactants, and low material cost.

On the other hand, compared with the 1H NMR spectra of ZA/PEI10k
ionic complexes in D2O, PLGA(50/50)-b-PEG5k and TPGS segments in
CDCl3 (Figs. 1b, 2a and b), the significantly declined signal intensity of
the methyl protons of PLGA and TPGS segments at δ 1.40 and 0.81 ppm,
respectively, and the weak feature proton signals of ZA molecules and
PEI segments at δ 7.0, 7.4, 8.0 and 2.5–3.2 ppm, respectively, were
observed in the 1H NMR spectrum of ZA/PEI10k-loaded TP1Ns (4.5) in
D2O (Fig. 2c). This signifies that the PLGA segments of PLGA(50/50)-b-
PEG5k, vitamin E moieties of TPGS, and ZA/PEI10k ionic complexes are
involved extensively in the development of hydrophobic core of hybrid
nanoparticles during co-association, rendering their corresponding
protons undetectable by 1H NMR. By contrast, the characteristic signals
of ethylene protons at δ 3.75 ppm of PEG segments of PLGA(50/50)-b-
PEG5k and TPGS from ZA/PEI10k-loaded TP1Ns remained appreciably
detectable, suggesting that the hydrophilic PEG segments mostly re-
sided at the surfaces of TP1Ns, thus extensively interacting with water
molecules to maintain the outstanding segmental mobility. Based on
the above findings, it can be conceivable that the resultant ZA/PEI10k-
loaded TP1Ns have a hydrophobic ZA/PEI10k ionic complexes-con-
taining PLGA-rich core covered by the highly hydrated PEG segments
(Scheme 1).

Furthermore, the DLS data illustrated that the ZA/PEI10k-loaded
TP1Ns (4.5) and ZA-loaded TP1Ns had a monomodal size distribution

a
b c d

eZA/PEI10k ionic complexes

Fig. 1. (a) Zeta potential values of free ZA, PEI10k and ZA/PEI10k ionic complexes in aqueous solutions. (b) 1H NMR spectra of PEI10k, free ZA and ZA/PEI10k ionic
complexes in D2O.
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in PBS and the mean hydrodynamic diameter (ca. 123.0 nm) of the
former was considerably smaller than that of the latter (ca. 201.1 nm)
(Table 1 and Fig. 3a). The enlarged particle size of ZA-loaded TP1Ns
may be ascribed that, in the absence of PEI segments, most of the an-
ionic ZA molecules adhered on the surfaces of TP1Ns probably render
the core more hydrated, thus increasing the aggregation number of
PLGA-b-PEG and TPGS segments during co-association process to sta-
bilize colloidal structure. Similar findings were also reported by Pauletti
and colleagues [30]. In their study, the particle size of nanostructured
lipid carriers (NLCs) containing bisphosphonate-bearing alendronate
(AL)/PEI ionic complexes was appreciably smaller in comparison with
that of NLCs loaded with AL alone. This was because, in the lack of PEI
segments, the presence of the anionic bisphosphonate drug increased
the volume fraction of aqueous phase encapsulated within the lipid
matric, thus enlarging the particle size of AL-loaded NLCs. On the other
hand, to gain an insight into the morphology of various ZA-containing
nanoparticles in PBS, the variable angle DLS measurements were con-
ducted. Notably, for the ZA/PEI10k-loaded TP1Ns (4.5), a high linear
relationship (R2 = 0.99) between the relaxation frequency (Γ) and the
square of the scattering vector (q2) was obtained (Fig. 3b). This

indicates that these nanoparticles in aqueous solution exhibited a
spherical form [31–33]. By contrast, as presented in Fig. 3c, a low linear
relationship (R2 = 0.96) of Γ versus q2 of ZA-loaded TP1Ns implies
their morphology in a non-spherical particle shape. Corresponding to
the angle-dependent DLS data, the TEM images (Fig. 3d and e) revealed
the well dispersion of pristine TP1Ns and ZA/PEI10k-loaded TP1Ns (4.5)
as individual spherical colloidal particles, whereas the TEM images in
Fig. 3f showed the non-spherical shape of ZA-loaded TP1Ns. Also, a
remarkably larger particle size of ZA-loaded TP1Ns compared to that of
ZA/PEI10k-loaded TP1Ns (4.5) was observed in TEM images (Fig. S2).
Herein it should be noted that the particle sizes of TP1Ns observed by
TEM were somewhat smaller than those determined by DLS due to their
conversion from dried state (TEM) to swollen stats (DLS) [34,35].
Moreover, the polydisperse size distribution of the pristine TP1Ns and
ZA-containing TP1Ns observed in the TEM images could be ascribed to
their different dehydration degree during the drying of TEM samples.

In this work, in order to investigate the effect of molecular weight of
PEI segments on the drug loading efficiency of ZA/PEI-loaded TP1Ns
and their colloidal stability in PBS, the short branched PEI1.8k segments
instead of the long branched PEI10k segments were adopted to fabricate

Fig. 2. 1H NMR spectra of (a) PLGA(50/50)-b-PEG5k and (b) TPGS segments in CDCl3, and (c) ZA/PEI10k-loaded TP1Ns (4.5) in D2O.

Scheme 1. Schematic illustration of development of ZA/PEI-loaded hybrid polymeric nanoparticles and their proton sponge-triggered ZA release.
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the ZA/PEI1.8k-encapsulated TP1Ns with an N/P ratio of 4.5. Notably, a
much lower drug loading efficiency (ca. 38.0%) of ZA/PEI1.8k-loaded
TP1Ns in comparison with that (ca. 90.1%) of ZA/PEI10k-loaded TP1Ns
was obtained (Table 1). Several studies pointed out that the electro-
static assembly of long branched PEI segments with negatively charged
species (e.g. siRNA and DNA) tended to form more compact ionic
pairings [36,37]. Therefore, such a difference in ZA loading efficiency
could be attributed to that the long branched PEI10k segments were apt
to form more dense and stable ionic complexes with negatively-charged
ZA molecules, thus promoting amount of ZA embedded within hybrid
core of the TP1Ns, while the incorporation of loose ZA/PEI1.8k com-
plexes into the PLGA cores was not able to sufficiently prevent ZA
leakage during the dialysis-involved purification, thus largely reducing
the drug loading efficiency of ZA/PEI1.8k-loaded TP1Ns.

3.2. Colloidal stability of ZA/PEI-containing hybrid polymeric
nanoparticles

Because the colloidal stability of ZA-carrying nanoparticles in the
aqueous solution play an important role in practical anticancer appli-
cations, the colloidal stability of ZA/PEI-loaded nanoparticles in PBS
(I = 0.15 M) containing 10% FBS or not at 37 °C was evaluated by
monitoring their size variation over time. As shown in Fig. 4a and b, no
significant variation in particle size was observed within 24 h for ZA/
PEI10k-loaded TP1Ns in PBS, while a significantly enlarged particle size
of ZA/PEI1.8k-loaded TP1Ns after 12 h was attained. Obviously, the ZA/
PEI10k-loaded TP1Ns maintained stable colloidal structure in PBS,
whereas the ZA/PEI1.8k-loaded TP1Ns became somewhat swollen,
probably because the loose ZA/PEI1.8k ionic complexes were partly
destroyed by salt ions, thus facilitating water influx. On the other hand,
when the ZA/PEI10k-loaded TP1Ns were dispersed in PBS containing
10% FBS, their particle size was remarkably enlarged from 123 to
225 nm within 24 h (Fig. 4c), being indicative of the inter-particle
aggregation. In view of the positive zeta potential value (ca. +5.4 mV)
of ZA/PEI10k-loaded TP1Ns (4.5) (Table 1), the non-specific adsorption
of serum proteins to the positive-charged surfaces of ZA/PEI10k-loaded
TP1Ns probably further elicited the inter-particle aggregation. Similar
results were also mentioned elsewhere [38,39]. In order to achieve
effective tumor-targeted ZA delivery, the aggregation of the ZA/PEI-
containing nanoparticles in FBS-containing environment should be
significantly inhibited to avoid their rapid clearance by the mono-
nuclear phagocyte system and prolong their blood circulation time. In

this end, the PLGA(75/25)-b-PEG5k instead of PLGA(50/50)-b-PEG5k

was used to prepare ZA/PEI10k-loaded TP2Ns with an N/P ratio of 4.5.
As shown in the results of DLS measurement and TEM observation
(Table 1, Figs. 3a and g, and S2 and S3), the ZA/PEI10k-loaded TP2Ns
(4.5) exhibited comparable particle size and morphology to ZA/PEI10k-
loaded TP1Ns (4.5). Also, the ZA/PEI10k-loaded TP2Ns (4.5) showed a
satisfied ZA loading capacity (LE: 75.3% and LC: 14.2%). More im-
portantly, in FBS-containing PBS at 37 °C, the ZA/PEI10k-loaded TP2Ns
maintained unvaried particle size for 24 h (Fig. 4d), illustrating their
superior colloidal stability to that of the ZA/PEI10k-loaded TP1Ns. This
may be attributed to that the nearly neutral (zeta potential of ca.
0.43 mV) and PEG-rich surfaces of ZA/PEI10k-loaded TP2Ns could
hinder the adsorption of serum protein, thereby preventing inter-par-
ticle aggregation. Furthermore, it should be mentioned that the ZA/
PEI10k-encapsulated TP2Ns suffered from large-volume dilution with
PBS still remained unchanged particle size (Fig. S4). In this regard, it
was anticipated that the robust ZA/PEI10k-loaded TP2Ns after in-
travenous administration could reserve structural integrity during
blood circulation to avoid undesired inter-particle aggregation and
premature particle dissociation.

3.3. In vitro release of ZA from ZA/PEI-encapsulated hybrid polymeric
nanoparticles

To assess if undesired burst leakage of ZA from the developed ZA/
PEI-loaded nanoparticles occurs at physiological pH (i.e. pH 7.4), the in
vitro ZA release test was studied by dialysis method. As shown in Fig. 5,
compared to quick diffusion of free ZA molecules across the dialysis
tube in pH 7.4 PBS (over 95% within 2 h), only less than 20% of ZA was
released from the ZA/PEI10k-loaded TP2Ns (4.5) within 24 h under the
same condition. Such a remarkably reduced burst release of ZA was also
observed for ZA/PEI10k-loaded TP1Ns (4.5) in PBS at pH 7.4 (Fig. S5).
Under the mimetic physiological conditions, as compared to the other
ZA-loaded nanoformulations (i.e. lipid-coated calcium/ZA nano-
particles with above 35% ZA release over 24 h [2] and the ZA-carrying
hydroxyapatite nanoparticles with premature ZA outflow (over 60% ZA
release within 60 min) [40]), the ZA/PEI10k-loaded TP2Ns developed in
this work potently inhibited ZA leakage by means of the dense PLGA-
rich core acting as a barrier capable of stabilizing inner ZA/PEI ionic
complexes. Interestingly, for ZA/PEI10k-loaded TP2Ns at pH 5.0, more
than 50% of ZA was rapidly released over a period of 1 h. Here, it
should be noted that the acid-triggered rapid drug release of ZA/PEI10k-

Fig. 3. (a) DLS size distribution profiles of polymeric nanoparticles in pH 7.4 PBS. Angle-dependent correlation of Γ versus q2 of (b) ZA/PEI10k-loaded TP1Ns (4.5)
and (c) ZA-loaded TP1Ns in pH 7.4 PBS. TEM images of (d) pristine TP1Ns, (e) ZA/PEI10k-loaded TP1Ns (4.5), (f) ZA-loaded TP1Ns and (g) ZA/PEI10k-loaded TP2Ns
(4.5).
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Fig. 4. DLS size distribution profiles of (a) ZA/PEI10k-loaded TP1Ns (4.5) and (b) ZA/PEI1.8k-loaded TP1Ns (4.5) dispersed in pH 7.4 PBS, (c) ZA/PEI10k-loaded TP1Ns
(4.5) and (d) TP2Ns (4.5) suspended in PBS containing 10% FBS at different time intervals.

Fig. 5. (a) Cumulative ZA release profiles of ZA/PEI10k-loaded TP2Ns (4.5) at pH 5.0 and 7.4 at 37 °C using the dialysis method. Diffusion of free ZA through the
dialysis tube is included for comparison. (b) DLS size distribution profiles of ZA/PEI10k-loaded TP2Ns after 24-h in vitro drug dissolution test of pH 7.4 and 5.0,
respectively. TEM images of ZA/PEI10k-loaded TP2Ns after 24-h in vitro drug dissolution test at pH 7.4 (c) and 5.0 (d), respectively.

M.-C. Xiao, et al. Materials Science & Engineering C 116 (2020) 111277

7



loaded TP2Ns is significantly different from the sustained drug release
of the traditional PLGA-based nanoformulations over a long period of
time (from days to months) through diffusion of drug molecules and/or
by hydrolytic erosion of the PLGA nanoparticles, or by a combination of
both [41–43]. In order to understand the mechanism of acid-triggered
rapid ZA liberation, the structural variation of ZA/PEI10k-loaded TP2Ns
after in vitro drug dissolution test at different pH was characterized by
DLS and TEM measurements. As revealed in Fig. 5b, after 24-h in vitro
drug dissolution test, in addition to the enlarged mean particle size of
ZA/PEI10k-loaded TP2Ns from 119.9 to 141.1 nm in response to pH
change from 7.4 to 5.0, their zeta potential was also evidently shifted
from 0.7 to 18.9 mV. These results indicate that the surface positive
charges of ZA/PEI10k-loaded TP2Ns were remarkably increased at
pH 5.0 due to the acid-activated protonation of the amines of un-
complexed PEI segments of the hybrid nanoparticles. Such an enhanced
protonation of inner PEI segments could enable the development of
osmotic pressure inside the ZA/PEI10k-loaded TP2Ns, thus promoting
water influx to allow nanoparticles somewhat swollen. Furthermore,
the TEM images in Fig. 5c and d showed that the ZA/PEI10k-loaded
TP2Ns suffering 24-h drug dissolution test at pH 7.4 still maintained the
relatively intact colloidal structure, but turned into capsule-like archi-
tecture at pH 5.0. Similar TEM images of capsule-like polymeric na-
noparticles were also presented in the literatures [44,45]. Such an acid-
triggered morphology transformation of ZA/PEI10k-loaded TP2Ns im-
plies that their structure became quite loose and hydrated at pH 5.0 due
to the increased protonation of PEI segments and then water inflow,
thus being apt to deform during drying of TEM specimens.

Based on the above results, for ZA/PEI10k-loaded TP2Ns, the me-
chanism of acid-triggered ZA rapid liberation was ascribed to following
reasons. First, the well-known bulk erosion of PLGA-based core oc-
curred as water diffusion into the matrix is faster than polymer erosion
[46], thus largely destroying the inner ZA/PEI10k ionic complexes upon
the lowered electrostatic attraction driven by the acid-activated pro-
tonation of imidazole groups of ZA molecules (pKa1 = 5.9 [1]).
Meanwhile, due to the increased protonation of amine residues of PEI
segments in acidic environment [47,48], the proton sponge-like effect
of positively-charged PEI segments within the TP2Ns established os-
motic pressure inside the nanoparticle matrix and allowed quick influx
of water molecules, thus assisting the fast diffusion of water-soluble ZA
molecules from partially degraded PLGA cores to the external aqueous
phase (Scheme 1). Similarly, as mentioned by Jain et al., the presence of
amine-rich chitosan in the PLGA nanoparticles facilitated the develop-
ment of osmotic pressure within the nanoparticle, thus considerably
accelerating the rate of erosion of the nanoparticles and drug payload
release [46]. Considering the inherent pH difference between the
blood/normal tissues (pH 7.4) and intracellular acidic endosomes and
lysosomes (pH 6.0–4.5) [2,11,31], it is expected that the pH-dependent
release of ZA from ZA/PEI10k-loaded TP2Ns will likely be beneficial for
minimum premature ZA leakage during blood circulation and max-
imum intracellular ZA delivery to promote extraskeletal tumor treat-
ment.

3.4. Cellular uptake and in vitro cytotoxicity of ZA/PEI-loaded hybrid
polymeric nanoparticles

Due to lack of fluorescence property of ZA molecules, a hydrophobic
fluorescent dye, DiO, was encapsulated into the ZA/PEI10k-loaded
TP2Ns (4.5) for observing the cellular uptake of ZA/PEI10k-loaded
TP2Ns by MCF-7 cells using fluorescence imaging. As shown in the
CLSM images (Fig. 6), visible DiO fluorescence signals were mainly
found within the cytoplasm of MCF-7 cells incubated with DiO-labeled
ZA/PEI10k-carrying TP2Ns at 37 °C for 1 h. By contrast, no significant
DiO fluorescence was observed from MCF-7 cells incubated with DiO-
labeled ZA/PEI10k-carrying TP2Ns at 4 °C for 1 h. The results illustrate
that the cellular uptake of cargo-loaded TP2Ns could be realized via the
energy-dependent endocytosis pathway. It is well known that most of

nanoparticle-based drug delivery systems are internalized by cancer
cells via endocytosis-mediated pathway [1,11,49–51]. Upon the cel-
lular uptake of ZA/PEI10k-loaded TP2Ns via endocytosis, it was ex-
pected that the intracellular ZA delivery could be achieved by the acid-
triggered rapid ZA liberation of ZA/PEI10k-loaded TP2Ns within acidic
endosomes and lysosomes, thereby maximizing the anticancer efficacy.

The in vitro cytotoxicity of ZA/PEI10k-loaded TP2Ns (4.5) against
MCF-7 cells was further evaluated by MTT assay. As an essential con-
trol, high viability (over 90%) of MCF-7 cells treated with ZA-free
TP2Ns in the concentration range 1.6–832 μg/mL for 48 h was attained
(Fig. 7a), illustrating that the drug-free TP2Ns were nearly nontoxic to
MCF-7 cells. By contrast, the viability of MCF-7 cells incubated with
free ZA molecules and ZA/PEI10k-loaded TP2Ns, respectively, was re-
markably reduced with increased ZA concentration (Fig. 7b), proving
the anticancer effect of ZA molecules. Notably, the drug doses required
for 50% cellular growth inhibition (IC50) of ZA/PEI10k-loaded TP2Ns is
ca. 37.5 μM lower than that (ca. 87.5 μM) of free ZA, revealing that the
ZA/PEI10k-loaded TP2Ns exhibit superior cytotoxic effect to free ZA
species. Also, compared to free ZA, the ZA/PEI10k-loaded TP2Ns
showed the higher efficacy in inhibiting the proliferation of TRAMP-C1
cells (Fig. 7c). Such an enhanced anticancer capability of ZA/PEI10k-
loaded TP2Ns relative to free ZA molecules could be attributed to the
following two reasons. First, compared to highly water-soluble and
negatively-charged ZA molecules, the ZA/PEI10k-loaded TP2Ns fea-
turing a near-neutral and TPGS-containing surface were most likely
internalized by cancer cells in a more efficient manner, leading to a
higher intracellular ZA concentration. Some studies also reported that
the encapsulation of bisphosphonates into nanoparticle-based delivery
systems remarkably enhanced their antitumor efficacy by the improved
cellular uptake [16,52]. Second, the acid-activated rapid ZA release of
ZA/PEI10k-loaded TP2Ns within acidic organelles could maximum the
anticancer effect of ZA.

4. Conclusions

In this work, the ZA/PEI-encapsulated hybrid polymeric nano-
particles were developed by co-association of the amphiphilic PLGA-b-
PEG, TPGS segments and ionic complexes composed of ZA molecules
and branched PEI segments. The encapsulation of ZA/PEI10k ionic
complexes into the PLGA-rich core of hybrid nanoparticles largely in-
creased ZA loading. The resultant ZA/PEI10k-loaded TP2Ns were char-
acterized to have a well-dispersed spherical shape and showed several
excellent properties, including (1) superior colloidal stability, (2) ef-
fectively reduced ZA leakage at physiological pH, (3) acid-triggered
rapid ZA release, and (4) promoted intracellular ZA delivery and an-
ticancer effect. This work demonstrates that the unique ZA/PEI-loaded
hybrid polymeric nanoparticles display great promise for anticancer
applications.
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Fig. 6. CLSM images of MCF-7 cells incubated with DiO-labeled ZA/PEI10k-loaded TP2Ns (4.5) at 37 and 4 °C, respectively, for 1 h. Cell nuclei were stained with
Hoechst 33342. Scale bars are 15 μm.

Fig. 7. Cell viability of MCF-7 cells treated with (a) ZA-free TP2Ns, (b) free ZA and ZA/PEI10k-loaded TP2Ns, respectively, at 37 °C for 48 h. (c) Cell viability of
TRAMP-C1 cells incubated with free ZA and ZA/PEI10k-loaded TP2Ns, respectively, at 37 °C for 48 h.
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