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In the past decades, drug delivery systems (DDSs) based on
nanotechnology have been studied extensively to overcome
the nonselectivity of chemotherapy, to avoid damaging
healthy tissues, and to improve cancer cure rates.[1–3] A
practical DDS should possess the two general characteristics
of specific targeting and controllable release. With regard to
specific targeting, it is widely accepted that nanocarriers are
able to enter cells rapidly through intracellular endocytic
pathways[4] and effectively release drugs at target sites. With
regard to controllable release, different responding agents or
conditions have been employed, such as pH,[5] temperature,[6]

enzyme,[7, 8] biomolecules[9, 10] and light.[11–13] Among these,
pH-responsive DDSs have shown great advantages as a result
of their simple design and universal applicability, because
pH values in tumors and inflammatory tissues are signifi-
cantly lower than those in blood and normal tissues.[14–16] The
pH-responsive systems usually employ pH-sensitive link-
ers,[17] pH-responsive polymeric micelles,[18] pH-tunable cal-
cium phosphate,[19] etc. For instance, pH-responsive mole-
cules[20] or ZnO nanoparticles[21] can be used as cappers to
cover the pores of mesoporous silica nanoparticles (MSNs).
However, the strong adsorption ability of MSNs hinders the
complete release of the drug and the biodegradability of
MSNs also remains a controversial problem.[22] As we
reported previously, these problems cannot be resolved by
using nanocarriers based on carbon nanotubes and mesopo-
rous carbon materials.[23, 24]

As a cheap nanomaterial with low toxicity, ZnO quantum
dots (QDs) have shown great potential for application in
bioimaging.[25–28] Because the unprotected ZnO QDs are
decomposed completely at pH 5 in aqueous solution, these
materials can be employed as nanocarriers for drug delivery.
Herein, we synthesized biodegradable ZnO@polymer core–
shell QDs with excellent water solubility, biocompatibility,
and pH sensitivity as drug carriers in order to study the
release process and activity in vitro. Polyacrylamide, which is
nontoxic to animals,[29] was used as a protecting shell for the
ZnO QDs. The well-known doxorubicin hydrochloride
(DOX) was selected as anticancer drug because its clinical
application has so far been hampered by nonselective
biodistribution and severe damage to healthy tissues.[30]

Furthermore, human glioblastoma cells (U251), the most
common cells in malignancies of the human brain,[31] were
chosen as model cells. DOX is a hydrophilic molecule and its
ability to pass through biological barriers such as the blood–
brain barrier is rather weak, hence treatment of brain tumors
with DOX remains a challenge.[32] After they were loaded
with DOX, our ZnO@polymer QDs crossed the cell mem-
brane through a cellular uptake pathway, decomposed at the
endosomes or lysosomes to release DOX molecules, which
finally penetrated into the nuclei to kill the cells. This process
and the drug release mechanism were proven by direct
observation under a confocal laser scanning microscope.

We developed a two-step copolymerization method for
the synthesis of core–shell-structured ZnO@polymer QDs
with stable luminescence in aqueous solutions.[25, 33] The
obtained 3 nm-sized ZnO@polymer can load DOX to form
a ZnO@polymer–DOX nanocomposite (see the Supporting
Information). The luminescence of an aqueous solution of
ZnO@polymer (Figure 1A) is green under irradiation with
UV light, and the corresponding quantum yield (QY) is
nearly 40 % using rhodamine 6G as a reference[25, 26] (QY=

95% in ethanol). The absorption onset and excitation peak
are at about 330 nm, while the wavelength of the green
emission is around 520 nm, which is typical for ZnO defects.
The absorption band maximum of DOX is at 500 nm and
wavelength of the red emission is around 595 nm (Figure 1B).
After adding ZnO@polymer QDs to an aqueous solution of
DOX, the UV/Vis absorption spectra and the photolumines-
cence (PL) spectra in Figure 1C show the mixed features of
both Figure 1A and Figure 1B, thus indicating that both
ZnO@polymer and DOX are stabilized in the nanocompo-
sites. Moreover, the PL emission band of DOX is enhanced
significantly, although the excitation wavelength of 330 nm is
chosen for ZnO, which can be attributed to the fluorescence
resonance energy transfer (FRET) from the ZnO to DOX.
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However, after the release of DOX by acid, the color of the
mixture changed back to red, and the corresponding UV/Vis
absorption and PL spectra in Figure 1D are similar to those in
Figure 1B, thus proving that ZnO@polymer decomposes at
pH 5.0, while DOX is stable at this pH. This result confirms
that the DOX molecules have been released from the surfaces
of the nanoparticles after treatment with acid.

This pH-responsive behavior of ZnO@polymer–DOX
was studied by UV/Vis absorption spectroscopy. The UV/
Vis absorption around 330 nm, which corresponds to the band
gap of ZnO, becomes weaker and weaker when the pH value
of the solution changes from 7.0 to 5.0 (Figure 2 A). In

contrast, DOX is stable during the change of the pH value,
and the corresponding UV/Vis absorption band at about
500 nm shows almost no change. The release profile of DOX
from ZnO@polymer–DOX at different pH values shows that
about 15 wt. % of DOX were released after 10 h at pH 7.0, but
no more DOX was released in the subsequent 30 h (Fig-
ure 2B). We speculate that 15 wt. % of the DOX molecules
were adsorbed weakly on the surface of the nanoparticles,
while the remaining DOX molecules were adhered chemi-
cally on the nanocomposite. In contrast, nearly 90 wt.% of
DOX molecules were released within 10 h at pH 5.0, and
a little more DOX was released slowly and continuously after
that time, which could be ascribed to the adsorption effects
between DOX and the polymer shell. Therefore, our ZnO@-
polymer–DOX is a pH-responsive, degradable system for
DOX delivery and suitable for the specific targeting at solid
tumors.[34]

The cytotoxicities of ZnO@polymer, DOX, and ZnO@-
polymer–DOX were assessed by MTT assays (MTT= 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) after
incubation with U251 cells for 48 h (Figure 3). The ZnO@-

polymer nanoparticles have no visible cytotoxic effect on
U251 cells after 48 h treatment, even at a concentration of
7.5 mgmL�1 (Zn content), and the cytotoxicity of ZnO
nanoparticles is mainly attributed to the zinc ions that were
released from the nanoparticles after dissolution.[35–37] In
contrast, the cytotoxicity of DOX is significant at a small
concentration of 0.5 mgmL�1. Although both free DOX and
ZnO@polymer–DOX exhibit dose-dependent cytotoxicity
toward cancer cells, the cytotoxicity of DOX does not
increase significantly when its concentration is over
1 mgmL�1, while ZnO@polymer–DOX exhibits much stron-
ger cytotoxicity when its DOX concentration is over
2 mgmL�1 (DOX content). As a result, ZnO@polymer–
DOX is able to kill cancer cells effectively at appropriate
concentrations (see right columns in Figure 3), and the side
effects of chemotherapy are suppressed simultaneously. This
phenomenon can be ascribed to the cytotoxicity enhancement
effects of the nanocarriers, which result in the improved

Figure 1. Top: Photographs of aqueous solutions of A) ZnO@polymer,
B) free DOX, C) ZnO@polymer–DOX nanoparticles, and D) DOX
released from ZnO@polymer–DOX at pH 5.0 under white light (left)
and UV light (320 nm; right). Bottom: UV/Vis absorption spectra
(black), excitation (blue), and emission (red) fluorescence spectra of
these samples.

Figure 2. A) UV/Vis absorption spectra of aqueous solutions of
ZnO@polymer–DOX with a decreasing pH value from 7.0 to 5.0.
B) DOX release profile of ZnO@polymer–DOX at different pH values.

Figure 3. Viability of U251 cells after treatment with ZnO@polymer
QDs, ZnO@polymer–DOX composites, and free DOX for 48 h. The
cytotoxicity of ZnO@polymer and ZnO@polymer–DOX were evaluated
with regard to their Zn content (see the lower scale mark). The
cytotoxicity of DOX and ZnO@polymer–DOX were evaluated with
regard to their DOX content (see the upper scale mark).
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internalization of ZnO@polymer–DOX through endocytosis
compared with the passive diffusion of free DOX into cells.[38]

Recently, ZnO nanomaterials were investigated as a plat-
form for DOX delivery.[39–41] Although some related pH-
controlled experiments were conducted to suggest a possible
mechanism, the authors did not provide detailed proof for the
cell-entering process of ZnO–DOX, the decomposition at
lysosomes, and the release of DOX into the nucleus. Herein,
we proved this process by confocal laser scanning microscopy
(CLSM) images with high resolution. After 3 h incubation,
red fluorescence from DOX can be found throughout the
cytoplasm and localizes especially in the lysosomes labeled by
LysoTracker Green (see the yellow points in Figure 4C). At

the cellular level, the internalization of most nanoparticles
will occur through the cellular endocytic pathway, that is, after
being engulfed by cells, the nanoparticles are trafficked into
the early endosomes, then into the late endosomes/lysosomes,
and finally fused with lysosomes. Both endosomes (pH 5.0–
6.0) and lysosomes (pH 4.5–5.0) have an acidic microenviron-
ment, which is distinct from that outside the cells
(pH 7.4).[42–44] The fluorescence signals from Figure 4A and
Figure 4B match well (Figure 4D), thus confirming that
plenty of ZnO@polymer–DOX nanoparticles are decom-
posed in the lysosomes.

We further used Zinquin ethyl ester, a zinc-specific
fluorescent dye, to investigate the accumulation of zinc ions
in the cells. The control sample (without incubation with any
other reagent or nanomaterial) only shows very weak blue
fluorescence (Figure 5), because zinc salts are indispensable

components of the cell culture medium. For comparison, the
cells treated with ZnCl2 exhibit bright blue color. In the cells
treated with ZnO@polymer–DOX, the blue fluorescence is
significantly stronger than that of the control, thus confirming
the biodegradation of the ZnO@polymer–DOX nanocarriers.
It is interesting that in the merged picture, the blue points of
Zinquin ethyl ester and the red points of DOX do not overlap
(as in Figure 4C), thus indicating that the released ZnII ions
are enriched in vesicles called zincosomes (containing high
amounts of labile zinc),[45–47] while DOX molecules mainly
locate in the cytoplasm. Figure S7 and Videos S1–S9 show the
drug delivery process in a dynamic fashion, and the results
clearly show that the blue fluorescence of Zinquin arises from
ionic Zn2+.

The cellular uptake of ZnO@polymer–DOX was verified
by CLSM photographs of cancer cells that were incubated
with the nanocomposites for 3, 24, and 48 h (Figure 6). After
incubation for 3 h, there was only a low accumulation of DOX
in the cytoplasm and even less in the nucleus. Although some
ZnO@polymer–DOX was taken up by cells in the first 3 h, the
release of DOX from the nanocarriers was delayed by
biodegradation in endosomes/lysosomes and the traffic pro-
cess. After incubation for 24 h, bright-red-emitting DOX was
observed in both the cytoplasm and the nucleus of the cell,
thus indicating that ZnO@polymer–DOX had decomposed
and the released DOX molecules had accumulated around
and finally entered the nucleus. After incubation for 48 h,
most of the DOX molecules were released from the nano-
carriers and located in the cell nucleus. It is known that the
main target site of DOX is the cell nucleus, where DOX can
attach to double-stranded DNA to form DNA adducts, thus
inhibiting the activity of topoisomerase and inducing cell
death (apoptosis).[48] All the above results suggest that the

Figure 4. CLSM images of U251 cells after incubation with ZnO@pol-
ymer–DOX in the presence of LysoTracker for 3 h. A) Lysosomes
stained with LysoTracker (green). B) ZnO@polymer–DOX (red).
C) Merged picture of the above two channels. Scale bars =25 mm.
D) Fluorescence signals of lysosomes (black) and ZnO@polymer–
DOX (red) based on the white lines in images A and B, respectively.

Figure 5. CLSM images of U251 cells after incubation with A) no
agents, B) ZnCl2, and C) ZnO@polymer–DOX for 24 h. The Zn ions
was stained with fluorescent Zinquin ethyl ester (blue). Scale
bars = 25 mm.
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drug delivery mechanism includes the cellular internalization
of ZnO@polymer–DOX, followed by its biodegradation in
endosomes/lysosomes, and the subsequent penetration of the
drug into the nucleus.

In summary, we have successfully developed a nanocom-
posite-based drug-delivery system, using human glioblastoma
cells as the model, thus suggesting the treatment of brain
cancer as a potential application. In comparison with
previously reported nanocomposite-based DOX-release sys-
tems, our system has three advantages. First, the ZnO@pol-
ymer QDs are very stable in aqueous solution at pH 7.0, but
rapidly decompose at pH 6.0, thus ensuring the safety of
healthy tissues. Secondly, both ZnO and the polymer shell are
biodegradable and thus safe for cells, and the ZnO@polymer
is nontoxic to U251 cells at low concentrations, but shows high
cytotoxicity after DOX loading. As a result, ZnO@polymer–
DOX in an appropriate concentration and composition can
be used to realize therapeutic effectiveness and avoid
systemic toxicity simultaneously. Thirdly, because DOX is
photoluminescent, and the decomposed ZnO@polymer is
not, we were able to use LysoTracker and Zinquin ethyl ester
to track the drug delivery process by CLSM, and to finally
disclose the whole mechanism.
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