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ABSTRACT: ZnO@polymer core—shell nanoparticles are
assembled into novel capsule shells with diameters of about
100 nm to load isotretinoin (ISO) with a capacity as high as
34.6 wt %. Although ISO, a widely used drug for acne
treatment, by itself is not suitable for treating cancer because of
its hydrophobicity, our ZnO—ISO composite showed much
stronger anticancer activity. The improved cytotoxicity is
ascribed to the synergistic effects of the ZnO@polymer and
ISO, where the ZnO@polymer helps in the accumulation of
ISO in cancer cells on the one hand, and on the other hand,
ISO is released completely through ZnO decomposition under
acidic conditions of cancer cells. Such a pH-triggered drug-
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delivery system exhibits a much improved killing of cancer cells in vitro in comparison with the benchmarks, Nintedanib and
Crizotinib, two commercial drugs clinically applied against lung cancer.
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Bl INTRODUCTION

Since the enhanced permeability and retention (EPR) effect of
nanomaterials in solid tumors was recognized,l’2 numerous
nanoparticles (NPs) have been synthesized and used to carry
anticancer drugs for chemotherapy, including rare earth NPs,”"
metal oxide NPs,>® Au NPs,”® carbon NPs,”*° silica NPs,* !>
and polymer NPs.'”'* Although these drug-delivery systems
(DDSs) based on NPs have shown promising therapeutic
efficacy, there are four main limitations to be overcome. One is
that most NPs are neither biodegradable nor metabolic for
animals, which provide unexpected potential toxicity chroni-
cally. The second is the competition between carrier stability
and drug delivery: For a very stable DDS in the circulatory
system, the drugs should be enclosed tightly, so that both the
loading efficiency and the release rate of the drugs are low. The
third is the response mechanism for drug delivery: Many novel
response conditions, like light irradiation,"*™"” ultrasound
vibration,"®'? and magnetic field,*°** are based on compli-
cated structures and multistep preparations, which cause
nonuniformity of the DDSs and more difficulties in
biodegradation and metabolism. Last but not least, the DDS
should have good dispersibility and long-term stability in water,
which is a real challenge, because many drugs are hydrophobic
and most NPs are apt to agglomerate during storage.

-4 ACS Publications  © 2017 American Chemical Society

18474

ZnO NPs are expected to overcome the above limitations
after suitable design and controlled synthesis.”> They have
gained many practical applications in biomedical areas due to
their low cost, high stability, and production safety. We have
also proved their stability and safety in bioimaging,”*** protein
enrichment,”® and drug delivery.”” Recently, we found that
ZnO@polymer core—shell NPs decomposed completely under
the acidic environment of cancer cells; we used them to carry
doxorubicin (DOX) to treat mouse tumors effectively without
any toxic side effects.”® However, the stable loading capacity of
DOX was only 17.2 wt %, because more drug on the ZnO
surface would be washed off in a buffer solution. For a higher
loading capacity with long-term stability, new structures of
ZnO-based DDSs should be realized.

Isotretinoin (ISO) is a popular medicine for acne treat-
ment.”” ™" Tt is also a potential anticancer drug designed to
combine with those specific receptors in cancer cells, so as to
improve the efficacy and avoid unwanted side effects,”””” but
its anticancer ability is insufficient due to insolubility in water.
Because of this limitation, and the fact that many other
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hydrophobic drugs fail due to their poor bioavailability,”*
previous works utilized solid lipid nanoparticles®>*° or
nanostructured lipid carriers’”*® to carry ISO. Unfortunately,
the thick shell of the lipids often hindered the high load and the
complete release of ISO. Until now, there has been no
successful report on the coating and carrying of ISO by NPs for
anticancer studies. In the present research, we found that
ZnO@polymer NPs and ISO can self-assemble to a new
composite, ZnO—ISO, in which ZnO@polymer NPs were
surrounding a million ISO molecules to form monodisperse
spheres with diameters of about 100 nm. Such capsules with a
ZnO@polymer NP shell were able to contain ISO as high as
34.6 wt % and remained stable in neutral solutions for more
than 1 year, just like the pre-eminent organic—inorganic self-
assembled NPs for cancer therapy.””~** Distinguished from
those lipid-constructed micelles, ZnO@polymer NPs decom-
pose in the acidic environment of the tumor cells and release
ISO completely to kill the cancer cells. After optimization, our
ZnO—-ISO composite showed much stronger anticancer ability
than pure ISO and even exceeded two commercial drugs
Nintedanib and Crizotinib, which are applied clinically against
lung cancer.

B EXPERIMENTAL SECTION

Synthesis and Characterization. ISO (0.025 g) was dissolved in
25 mL of dimethyl sulfoxide (DMSO) and stored in the dark (solution
A). ZnO@polymer NPs were synthesized according to our previous
method.” Briefly, zinc methacrylate was obtained by a reaction
between ZnO powder and methacrylic acid aqueous solution. In
absolute ethanol, dried zinc methacrylate, poly(ethylene glycol)
methyl ether methacrylate (PEGMEMA, average M, = S500)
monomers and 2’-azobis(isobutyronitrile) (AIBN) were added and
dissolved at 72 °C. After prepolymerization for 15 min, appropriate
amounts of LiOH ethanol solution and another dose of AIBN were
added and then the reaction mixture was refluxed for 1 h. The
obtained clear solution was dialyzed against water for 3 days to remove
ethanol and any other ions or molecules. This as-prepared aqueous
solution B was measured by ICP and weighed to determine the weight
concentration of ZnO@polymer NPs. An appropriate amount of
solution A was added into 10 mL of solution B and stirred in the dark
for 12 h. Then, the solution was dialyzed for 3 days against deionized
water. The UV—vis absorption data were recorded by a Unico 2802
UV—vis spectrometer. Transmission electron microscope (TEM)
images were obtained using a JEM-2010 TEM operating at 200 kV.
Field emission scanning electron microscopy (FESEM) was measured
by a Hitachi S4800 scanning electron microscope. The dynamic light
scattering (DLS) spectra and zeta potentials were measured by a
Malvern ZS-90 Zetasizer. The relaxation time of the samples was
measured by a MiniPQ001-20-015V low field nuclear magnetic
resonance spectrometer. Fourier transform infrared (FTIR) spectra
were recorded on a Nicolet iS10 FTIR spectrometer in a range of
4000—400 cm ™, using the KBr pellet method.

Drug Release. To study ISO release in acetate buffer solution, 30
mg of ZnO—ISO NPs was dissolved in 3 mL of three buffer solutions
(pH S.0, 6.0, and 7.0), respectively. Then, it was sealed in a dialysis bag
(molecular weight cutoff of 8000) and dialyzed against 20 mL of the
corresponding buffer solution. During dialysis for 2 days, the outside
buffer solution was replaced by 20 mL of a new buffer solution at
different time intervals. The released ISO in the buffer solutions was
collected, and its concentration was analyzed by UV—vis spectroscopy
according to its typical absorption at 399 nm.

MTT Assay. All cell culture processes in this work were carried out
with 5% CO, at 37 °C. A549, Hela, DU14S5, and MCF-7 cells were all
seeded at 5 X 10° cells per well into a 96-well cell culture plate in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine
serum (FBS) for 24 h. Then, the culture medium was replaced by the
culture medium containing drugs with various concentrations for

another 24 h. Afterward, cells were incubated with 100 L of the new
culture medium and 20 yL of MTT (thiazolyl blue tetrazolium
bromide, S mg/mL in phosphate-buffered saline (PBS)) for 4 h. After
the medium was removed, formazan crystals were dissolved with
DMSO for 10 min, and the absorbance of MTT at 492 nm was
measured by an automatic scanning multiwall spectrometer (SPR-960;
Sunostik).

Fluorescence Activated Cell Sorting. First, AS49 cells were
cultivated in DMEM with 10% FBS for 24 h and then they were
treated with 1, 2, 4, 8, and 16 pug/mL ZnO-ISO for another 48 h.
Afterward, the cells were collected and floated in PBS for washing and
then incubated at a concentration of 2 X 10° cells/mL with Annexin V-
FITC and PI for 15 min and finally analyzed by a Beckman Gallios
flow cytometer. In the dot plots, the cells in the lower left were viable
and negative for both annexin V and PJ, the early apoptotic cells in the
lower right were positive for annexin V but negative for PI, the late
apoptotic cells in the upper right were positive for annexin V and PI,
and the necrotic cells in the upper left were positive for PI but negative
for annexin V.

Cell Imaging. The hydrophobic NIR fluorescent dye, IR780, was
modified on the ZnO—ISO NPs for tracking the uptake of the drug.
The obtained ZnO—ISO—IR780 was incubated with A549 cells for 2,
6, and 24 h, respectively, with an ISO concentration of 10 yg/mL. An
Olympus FV1000 confocal laser scanning microscope (CLSM) was
used to observe the cells.

B RESULTS AND DISCUSSION

The ZnO@polymer core—shell NPs were synthesized and
dispersed in water, whereas ISO was dissolved in DMSO before
use. Although ISO is insoluble in water, when the above two
solutions were mixed in appropriate ratios, a series of stable
transparent solutions were obtained, which remained stable
even after DMSO removal through dialysis. Such a ZnO-ISO
solution turned turbid, when the pH value was tuned below 6,
indicating ZnO decomposition and drug release (Scheme 1).

Scheme 1. Formation and Decomposition of ZnO—-ISO
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Figure 1A,B shows that the ZnO@polymer core—shell NPs are
uniform and monodisperse in water, with an average diameter
of 3 nm and a lattice spacing of 0.25 nm, corresponding to the
wurzite structure. The TEM image (Figure 1C) shows that ISO
forms monodisperse spheres of about 100 nm, with ZnO NPs
attached on the surfaces. The SEM image at low magnification
(Figure 1D) also confirms the good dispersity and the uniform
particle size of ZnO—ISO, whereas the SEM image at high
magnification (Figure 1D, inset) clearly shows that ZnO—ISO
has a core—shell structure in which ZnO@polymer NPs are
covering the ISO sphere.

When the ZnO@polymer and ISO were mixed in mass ratios
higher than 1:0.5, the products, ZnO—ISO, were stable in
water. More ISO addition yielded a turbid solution. The
average particle diameter of ZnO—ISO increased from about 80
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Figure 1. (A) TEM image and (B) HRTEM image of ZnO NPs. (C)
TEM image and (D) low-magnification SEM image with the inset
high-magnification SEM image of the ZnO—ISO composites (the
weight ratio for the preparation is 1:0.5).

to 110 nm, as the mass ratio was increased from 1:0.1 to 1:0.5
(Figures S1, S2, and S4). Both the TEM images and DLS data
confirmed the uniformity of our DDS. We chose the ratio of
1:0.5 as the optimal ratio, because the as-prepared ZnO—-ISO
had the highest content of ISO. By optical analyses and ICP
measurements, the highest loading content of ISO was
determined to be 34.6 wt % for the optimal ZnO—ISO ratio,
much higher than that for many other DDSs. In this sample, the
polymer and ZnO contents were found to be 59.3 and 6.1 wt %,
respectively. If we assume the ISO spheres to be solid with a
diameter of 100 nm, each ZnO—ISO particle would contain
about 1.05 X 10° ISO molecules, which would be surrounded
by about 1170 ZnO NPs. This amounts to a surface density of
1 NP/27 nm? However, our calculation shows that the cross-
section area of the ZnO@polymer NP is larger than 100 nm®.
This indicates that either the ISO sphere is not simply coated
by a single layer of the ZnO shell like that in Scheme 1 or the
ISO particle is porous with a rough surface. We tend to assume
the first case, because even the SEM image in Figure 1D
indicates a thicker shell around an ISO sphere. The zeta
potential of this sample in water was measured to be —28.2 mV,

also confirming the stability of ZnO—ISO. After 1 year of
storage, our sample is still stable (Figure S6).

ZnO@polymer NPs possess bright green fluorescence under
UV light, but ZnO—ISO nanocomposites are not luminescent.
To study this issue, the UV—vis spectra of ISO, ZnO—ISO, and
ZnO NP solutions are compared in Figure 2A. ISO shows a
strong absorption peak at 370 nm, corresponding to its
conjugated polyene structure, whereas ZnO exhibits its
bandgap absorption band at about 330 nm. For ZnO-ISO,
the absorption at 330 nm becomes stronger due to the overlap
of the absorption of both ZnO and ISO, which proves that ZnO
NPs are not destroyed by ISO. Therefore, the ZnO
fluorescence quenching in ZnO—ISO is ascribed to the energy
transfer from ZnO to nonfluorescent ISO. Strong interactions
are also illustrated by shifts in the FTIR spectra (Figure 2B).
The ISO molecule has a COOH group on its end and five
conjugated double bonds in its chain. The C=O vibration at
1653 cm™! and the C—O vibration at 1430 cm™" are therefore
ascribed to the COOH groups of ISO. For the ZnO@polymer,
the FTIR bands at 1718 and 1612 cm™ are due to the
coordination between carboxyl groups of the polymers and
ZnO NPs, and the C—O—C vibration at 1100 cm ™" is from the
polymer chains. In ZnO—ISO, the vibrations at 1720, 1617, and
1456 cm™ become much stronger, indicating that new
coordination bonds have formed between the Zn atoms from
ZnO and the COOH groups from ISO through a bridging
mode.**

It is well known that tumor cells provide an acidic
environment, especially in the lysosomes and the endosomes.
We have previously utilized this feature to decompose ZnO
NPs to release DOX, but the drug loaded on ZnO NP surfaces
was quickly lost, and the loading capacity was limited by the
surface areas. However, in the present research, many ZnO NPs
form a small capsule shell containing the aggregated ISO
molecules, which is much more stable due to the hydrophilic—
hydrophobic interactions. Figure 3A shows that almost no ISO
leaked out after the initial 4 h dialysis. The initially lost ISO
molecules were probably those adsorbed on the ZnO-ISO
surfaces. Furthermore, such a ZnO—ISO structure is more
sensitive than drug-coated ZnO NPs, because ZnO NPs are
exposed toward the outside solution. When the pH value
decreases below 6, ZnO—ISO decomposes quickly, and more
than 90% of the drug is released within 8 h. To further study
the state of this DDS at different pH values, we used low-field
nuclear magnetic resonance to evaluate the relative hydro-
phobicity of ZnO—ISO, which is reflected in the relaxation
time. Figure 3B shows that distilled water has a relaxation time
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Figure 2. (A) UV—vis absorption and (B) FTIR spectra of ISO, ZnO@polymer NPs, and ZnO—ISO composites.
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Figure 3. (A) Released amount of ISO from ZnO—-ISO at different pH values. (B) Relaxation time measured by low-field nuclear magnetic
resonance for ZnO—ISO solutions at different pH values, with distilled water as the control. The inset photo shows that the solution turns turbid if
the pH value is decreased.
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Figure 4. Cytotoxicity of ZnO NP, pure ISO, and ZnO—ISO toward tumor cells (A) DU14S, (B) HeLa, (C) MCF-7, and (D) A549, respectively,
from MTT assays. (E) Cytotoxicity toward lung cancer cells AS49 of ZnO—ISO, ISO, Crizotinib, and Nintedanib at different concentrations,

respectively.

of 2900 ms, which is regarded as a boundary between the
hydrophilic and the hydrophobic regions. It is obvious that
ZnO—ISO is stable at pH 7 but unstable at pH 6. When the pH
value decreases to S, the relaxation time of the species in water
increases to 3225 ms, which means that a lot of hydrophobic

ISO molecules have been released. Although the ZnO content
in ZnO—-ISO is small, it plays a key role because the polymer
cannot keep ISO stable in water after ZnO decomposition.
Retinoic acids as natural derivatives of vitamin A play
important roles in cell differentiation, growth, and apoptosis.
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Figure S. Flow cytometry data for AS49 cells after incubation with (A) 0, (B) 1 ug/mL, (C) 2 ug/mL, (D) 4 ug/mL, (E) 8 ug/mL, and (F) 16 ug/
mL of ZnO—ISO for 48 h, respectively. The cells are stained with Annexin V-FITC and PI Dot plots of FITC-labeled Annexin V (horizontal axis)
and PI fluorescence (vertical axis) are shown with the logarithmic fluorescence intensity. Quadrants: lower left, live cells; lower right, early apoptotic

cells; upper right, late apoptotic cells; upper left, dead (necrotic) cells.

ISO is one of the metabolized products from retinoic acids,
which exhibits special immunomodulatory and anti-inflamma-
tory responses. However, anticancer effects of ISO toward
many cancers are poor, probably due to its insolubility in
water.*” In the present work, we tested the cytotoxicity of pure
ISO and ZnO—ISO by MTT assays toward several kinds of
cancer cells (Figure 4). A DMSO solution of ISO was diluted
by a large volume of water (DMSO/water = 1:1000) to obtain
a clear solution for cell incubation. Different cells were
incubated with drugs for 12, 24, and 48 h (Figure S7). After
incubation, the 48 h MTT results were similar to the 24 h MTT
results, so we used the data of 24 h incubation for further
analyses (Table S2). Although the pure ISO was almost
nontoxic for tumor cells except MCF-7, cytotoxicity of ZnO—
ISO was strong for all cells tested. If the concentration of ISO
in ZnO—ISO is above 8 pg/mL, most of the cancer cells are
killed after 24 h of incubation. The enhanced cytotoxicity of
ZnO—ISO cannot be ascribed to ZnO NPs, because the IC,
for our ZnO NPs toward cancer cells is typically about 200 ug/
mL.**® Therefore, the enhanced cytotoxicity is based on the
ZnO carriers that overcome the hydrophobicity of ISO and
accumulate high concentrations of ISO in the cells.

After a general investigation of the anticancer effects of
ZnO-ISO, a deep insight into cytotoxicity was obtained by
studies of AS49, a kind of nonsmall cell lung cancer cell. To
compare ZnO—ISO with the two commercial lung cancer

18478

drugs, Nintedanib*” and Crizotinib,"® we also loaded
Nintedanib and Crizotinib onto ZnO@polymer NPs by the
same method (Table S1). The UV—vis absorption spectra
confirm the successful loading (Figure S8). TEM results show
that both ZnO—Nintedanib and ZnO—Crizotinib are mono-
disperse NPs (Figure S9), with diameters of about S nm. Unlike
ISO, both Nintedanib and Crizotinib are soluble in water, so
they are just adsorbed on the ZnO surfaces to form ZnO-—
Nintedanib and ZnO—Crizotinib, respectively, similar to the
ZnO-DOX in our previous reports.”””® Owing to such a
difference in structure (Scheme S1), the loaded amounts of
both Nintedanib and Crizotinib on ZnO NPs are only 7.4 and
6.9 wt %, respectively. Because the ZnO contents in these two
DDSs are significantly higher than those in ZnO-ISO, the
toxicity of ZnO NPs cannot be ignored in the MTT assays.
Figure S10 shows that at high concentrations, the toxicities of
both ZnO—Nintedanib and ZnO—Crizotinib are a little higher
than those of Nintedanib and Crizotinib, respectively. Such
differences can be ascribed to the ZnO toxicity, but the main
anticancer effects are still from Nintedanib and Crizotinib. To
study the cytotoxicity of ZnO—ISO over a wide range, we
incubated A549 cells with higher concentrations of ZnO—ISO,
as well as the three drugs. The results in Figure 4 clearly show
that the toxicity of ZnO—ISO toward AS549 is much higher than
that of the three drugs. When the ISO concentration is above 4
ug/mL, ZnO—ISO begins to exhibit strong cytotoxicity. It
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should be mentioned that our MTT results of ISO, Nintedanib,
and Crizotinib are consistent with those previous reports.*’ ™'

To understand the anticancer activity and mechanism of
ZnO-ISO, we used PI and Annexin V-FITC to stain A549 cells
and monitored by flow cytometry the procedures after the cells
were pretreated by different concentrations of ZnO—ISO. All
ISO concentrations were kept consistent with those in the
above MTT experiments; however, the incubation time was
extended to 48 h. Figure SA shows that after the untreated
AS49 cells have grown naturally with high viability, almost all
cells are both Annexin V and PI negative. But after incubation
with ZnO—ISO, the situations of the cells change significantly.
More and more cells turn into late apoptosis or death as the
ZnO-ISO concentration is gradually increased, and only 16
pug/mL ISO in the ZnO—ISO composites is able to convert
more than 80% of AS49 cells into apoptosis. These results
confirm that cell apoptosis has been induced by ISO, and this
process might be ascribed to genetic mutation triggered by the
ISO transported into the nucleus.

To further analyze the drug-release process of the ZnO—-ISO
nanocapsules, we loaded the hydrophobic fluorescent dye,
IR780, onto ZnO—ISO for tracking the intracellular pathway
and intracellular location of ZnO—ISO by CLSM techniques.
DAPI was used to indicate the position of the nucleus; it was
incubated with the cells together with the ZnO—ISO—IR780.
In Figure 6, after 2 h of incubation, only a little amount of the

Bright field DAPI

| .
’ .

Figure 6. CLSM images of AS49 cells treated with DAPI (blue) and
ZnO-ISO—IR780 (red) for 2, 6, and 24 h, respectively. These images
were taken by a 63 times objective lens.

ZnO-ISO-IR780 Merge

24h

drug entered the AS549 cells, and the cells had normal
morphologies. After 6 h of incubation, more amount of the
drug was uptaken, the red fluorescence of IR780 was seen in
the cells, and the morphologies of the cells showed that they
were in the state of early apoptosis. After 24 h of incubation, a
significant amount of the drug was uptaken by the cells, and
most cells curled up and died. Finally, the IR780 was located at
both the cytoplasm and the nucleus.

The above results verify that the anticancer ability of ZnO—
ISO is much stronger than that of both pure ISO and sole
ZnO@polymer NPs. To illustrate this synergistic effect, we
suppose that ZnO—ISO nanocomposites are uptaken by the
cells and then engulfed by lysosomes (Scheme 2). Unlike pure
ISO, ZnO—ISO has an affinity for both the cell membrane and
the cell sap, so they can easily enter the cell and accumulate to a

Scheme 2. Proposed Mechanism for ISO Delivery into A549
Cells”
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“In contrast to free ISO, ZnO—ISO NPs can penetrate the cell
membrane (I), be uptaken by lysosomes (II), where the ZnO shells are
destroyed (III), releasing the drug and the polymer (IV). It is then
taken up by specific receptors (V) and transported to the nucleus (VI).

high concentration. It has been reported that retinoic acids
exert their functions through their special receptors, such as
retinoic acid receptors and retinoic X receptors (RXR).52’53 For
ISO, the receptors were named RXR.* ISO—RXR hetero-
dimers activate themselves to the target genes in the nucleus
and then have downstream gene expression. This signal
pathway can finally trigger cell apoptosis.”® In brief, the acidic
environment of lysosomes decomposes ZnO capsules to release
ISO molecules, which promotes the apoptosis genes to induce
cell death.

B CONCLUSIONS

Stable aqueous ZnO@polymer core—shell NPs were synthe-
sized for loading drugs to kill cancer cells. Two commercial
anticancer drugs, Nintedanib and Crizotinib, and one
commercial acne drug, ISO, were studied and compared in
this work. Several kinds of cancer cells were used for the MTT
assays, and AS49 cells were further investigated by flow
cytometry and CLSM to disclose the mechanism. ZnO—ISO
showed a much better anticancer effect than both Nintedanib
and Crizotinib within a wide range of drug concentrations;
these results are exciting and promising. Its anticancer ability of
ZnO-ISO is also stronger than that of both pure ISO and sole
ZnO NPs. Such a synergistic effect is based on the unique
structure of our DDS, in which ZnO@polymer NPs self-
assemble into capsule shells to load ISO. This novel capsule
structure has three advantages over the simple NP-drug surface
loading mode. First, the drugs do not leak and flow out, because
they are packaged tightly inside and possess low water
solubility. Second, the loading capacity of the capsules is
evidently higher than that on NP surfaces. Finally, the pH
sensitivity of ZnO—ISO is also higher because ZnO NPs are
located outside the ISO spheres. Our present research confirms
that ZnO@polymer NPs are most suitable for carrying
hydrophobic drugs to treat tumors. It may become a general
procedure to assemble more hydrophobic drugs with superior
anticancer efficiency as NPs with a pH-sensitive shell, a good
dispersibility in water, and a controlled release on demand.
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