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Abstract: Stimulus-responsive drug release possesses consid-
erable significance in cancer therapy. This work reports an
upconversion-luminescence-fueled DNA–azobenzene nano-
pump for rapid and efficient drug release. The nanopump is
constructed by assembling the azobenzene-functionalized
DNA strands on upconversion nanoparticles (UCNPs). Dox-
orubicin (DOX) is loaded in the nanopump by intercalation in
the DNA helix. Under NIR light, the UCNPs emit both UV and
visible photons to fuel the continuous photoisomerization of
azo, which acts as an impeller pump to trigger cyclic DNA
hybridization and dehybridization for controllable DOX
release. In a relatively short period, this system demonstrates
86.7% DOX release. By assembling HIV-1 TAT peptide and
hyaluronic acid on the system, targeting of the cancer-cell
nucleus is achieved for perinuclear aggregation of DOX and
enhanced anticancer therapy. This highly effective drug
delivery nanopump could contribute to chemotherapy devel-
opment.

Chemotherapy remains the principal clinical antitumor
strategy.[1] However, it often results in grievous toxic side
effects due to the uncontrollable dose.[2] Stimulus-responsive
drug-release systems can enhance drug accumulation in
tumor tissues and eliminate off-target toxicity.[2b, 3] Azoben-
zene (azo), which can reversibly isomerizes between cis and
trans form under visible (Vis) and UV irradiation,[4] has been
assembled on the surface of mesoporous nanoparticles[5] and
microporous multilayer films[6] to act as a photoresponsive
trigger for controlled drug release.

To improve release efficiency, some pump-type switch-
ers[7, 8] have been designed to accelerate the drug-release
process. With the capability of simultaneously emitting
photons in both UV and Vis regions upon near-infrared
(NIR) irradiation,[9] upconversion nanoparticles (UCNPs)
have been modified with azo[10] to continuously transform azo

back and forth to propel drug release.[10a] In these UCNPs-azo
nanodevices,[4a, 10] azo is usually isolated from UCNPs, which
weakens the luminescence-fueled efficiency. Therefore, these
strategies need a long exposure time to release a drug in
a satisfactory amount, which results in a thermal injury from
continuous point-fixed irradiation.

To overcome this drawback, this work used azo-function-
alized DNA strands to design a nanopump for efficient and
controllable drug release. Flexible DNA chains could be
compactly assembled on UCNPs[11] to act as the pump-type
switcher triggered by the reversible conformational change of
azo, which is conveniently fueled by Vis and UV irradiation
emitted from the UCNPs. Moreover, the anticancer drug
doxorubicin (DOX) could be selectively intercalated in
a specific DNA helix[12] for highly efficient loading (Sche-
me 1a). The continuous rotation-inversion movement of the
phenyl moiety of azo in the hybridization zone of DNA
backbones (DNA strands LAAzo, LCAzo with 3 azo moieties
per DNA strand) determined the feasibility of the molecular
impeller pump via DNA hybridization[13] and dehybridization
to controllably release DOX upon NIR irradiation.

To diminish the active efflux of a drug by transporters like
P-glycoprotein (P-gp) on cell membrane,[14] HIV-1 TAT,
a nuclear localization peptide,[15] was conjugated to the
DNA–azo nanopump for nuclear targeting (Scheme 1b),
which greatly enhanced the concentration of DOX in nuclear
area, and thus improved therapeutic efficacy. Considering the
need for cancer-cell targeting, anionic hyaluronic acid (HA)
was also coated on the nanopump via electrostatic adsorption
to specifically recognize CD44-overexpressing tumor cells to
trigger HA-mediated endocytosis,[17] while hyaluronidase
(HAase) in the tumor microenvironment[16] hydrolyzes HA
to expose TAT for nuclear targeting (Scheme 1c). The
presence of HA coating prevented nonspecific interaction
with serum components during delivery process,[18] and
prevented the off-target effect. This work provides an ideal
format for controllable drug release with high efficiency in
cancer therapy.

NaYF4 :Tm,Yb core UCNPs containing 30 % Yb3+ and
0.5% Tm3+ were synthesized using a reported procedure.[19]

The NaYF4 shell was deposited on the core to obtain core/
shell-UCNPs, which compensated for surface defects and
improved the optical properties of the UCNPs.[20] The core
and core/shell-UCNPs showed monodispersed particle sizes
of approximately 34 and approximately 41 nm, respectively
(Figure 1a,b). Their hexagonal crystal structures were con-
firmed by their powder X-ray diffraction patterns (Supporting
Information, Figure S1). Under 980 nm laser irradiation, the
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core/shell-UCNPs showed both UV (345 nm and 355 nm) and
blue (455 nm and 475 nm) emissions with intensities about 15
times stronger than core UCNPs (Figure 1c).

After core/shell-UCNPs were modified with poly(acrylic
acid) to form PAA-UCNPs via ligand exchange,[21] LAAzo was
linked to PAA-UCNPs via amide bonding, and DNA strands
LB and LCAzo were then assembled simultaneously through
hybridization of LAAzo and LCAzo with each terminal of LB to
form the DNA–azo nanopump (UCNPs-LAAzoBCAzo) (Sup-
porting Information, Scheme S1),[22] which had a strong
characteristic absorption of DNA at 260 nm and azo at
334 nm (Supporting Information, Figure S2). UCNPs-
LAAzoBCAzo showed decreased luminescence at 345 nm and
355 nm (Figure 1d). The assembly of three kinds of DNA
strands showed gradually increased particle size (Supporting
Information, Figure S3) and negative charge (Supporting
Information, Figure S4), and produced a DNA layer with
a thickness of about 9.5 nm (Figure 1e). To verify the
assembly, DNA strands LA, LB, and LC were labeled with
FAM, Cy3, and Cy5, respectively, to synthesize tricolor
UCNPs-LAFAMBCy3CCy5. From the fluorescence intensities
and calibration curves, the ratio of assembled LA, LB, and LC
was calculated to be 1.3:1:1, indicating sufficient hybridiza-
tion of DNA strands on UCNPs (Supporting Information,
Figure S5). The DNA dehybridization was confirmed through
atomic force microscopic and circular dichroism measure-
ments. Under visible-light exposure, the trans conformation
of azo led to a 2.3 nm height of the DNA duplex strands
(Supporting Information, Figure S6 a) with a clear positive/
negative Cotton effect at 272 nm (Supporting Information,
Figure S6b), while the dehybridization upon cis isomerization
of azo under UV light exposure led to a height of 0.5 nm and
the disappearance of characteristic CD peak.

After DOX was loaded on UCNPs-LAAzoBCAzo through
its intercalation with DNA helix,[12,23] UCNPs-LAAzoBCAzo/
DOX showed a characteristic absorption peak of DOX at
490 nm, while incubating DOX with LAAzo modified UCNPs
(UCNPs-LAAzo) did not produce obvious absorption (Sup-
porting Information, Figure S7 a), indicating little nonspecific
adsorption in the absence of DNA duplex structure. The
loading capacity was 14.6 mg DOX for 1 mg UCNPs-
LAAzoBCAzo with a loading efficiency of 58.4%, which were
obtained from the fluorescence of DOX in supernatants
before and after loading and the calibration curve of DOX
(Supporting Information, Figure S7 b,c). The capacity was
comparable to previous reports.[24]

When UCNPs-LAAzoBCAzo/DOX were exposed to only
UV light, the absorption peak of azo at 334 nm corresponding
to the p–p* transition of the trans isomer[25] obviously
decreased, and the absorption peak at 435 nm corresponding
to the n–p* transition of the cis isomer[25] increased, while
visible-light irradiation reversed the cis isomer into the trans
isomer (Figure 2 a). The continuous rotation-inversion move-
ment of azo showed a dynamical balance under simultaneous
UV/Vis irradiation, which produced a moderate absorption
intensity. From the fluorescence intensities of DOX in
supernatants and the calibration curve, the amounts of
released DOX at different irradiation times could be obtained
for evaluating the release efficiency of loaded DOX. Simul-

Scheme 1. Schematic illustration of a) UCNPs-LAAzoBCAzo/DOX assem-
bly, b) UCNPs-LAAzoBCAzo/DOX-TAT-HA synthesis, and c) HA-mediated
endocytosis, TAT-mediated nuclear targeting and NIR-triggered drug
release in living cells. The enlarged section in (a) delineates the
continuous photoisomerization of azo and cyclic hybridization and
dehybridization of LAAzo and LB.

Figure 1. TEM images of a) NaYF4 :Tm,Yb and
b) NaYF4 :Tm,Yb@NaYF4. Upconversion luminescence spectra of
c) NaYF4 :Tm,Yb and NaYF4 :Tm,Yb@NaYF4 and d) PAA-UCNPs,
UCNPs-LABC, and UCNPs-LAAzoBCAzo. e) TEM image of UCNPs-LABC
stained with phosphotungstic acid (2 wt%, pH 6.5). The scale bar is
50 nm.
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taneous UV/Vis irradiation showed much faster DOX
release, and the release efficiency reached 84.9% within
30 minutes, at which UV or visible-light irradiation merely
induced the release of 60.4 % and 9.2% of DOX, respectively
(Figure 2b). These results proved that the continuous con-
formational inversion of azo could effectively pump DOX out
of the DNA nanodevice.

The upconversion-luminescence-fueled DOX release was
examined with NIR exposure. With the increasing exposure
time of UCNPs-LAAzoBCAzo/DOX, the fluorescence intensity
of DOX in the supernatant increased, and reached the
maximum value at 30 min (Figure 2c). The maximum release
percentage was 86.7 % (Figure 2 d). The impressive release
efficiency resulted from the continuous structural change of
azo and the efficient azo–nanocarrier interaction.[26] Interest-
ingly, the release efficiency of DOX was linearly related with
the logarithm of NIR-irradiation time (Supporting Informa-
tion, Figure S7 d,e). The half time for DOX release was
calculated as 8.45 min. As a control, the irradiation of
UCNPs-LABC/DOX, assembled by hybridizing DNA
strands LA, LB and LC around UCNPs with DOX loading,
showed little fluorescence increase of DOX in the super-
natant due to the absence of azo (Figure 2d and Supporting
Information, Figure S8). These results indicate that the
designed DNA–azo nanopump could efficiently control the
release of DOX.

The stability of UCNPs-LAAzoBCAzo/DOX was investi-
gated by examining DOX leakage upon incubation in 10%
fetal bovine serum buffer, which was measured from the
fluorescence intensity of DOX in the supernatant. During the
incubation, the leakage percentage was less than 10%
(Supporting Information, Figure S9), indicating the satisfac-
tory stability of the DNA nanopump.

The therapeutic effect of drug released in the cytoplasm is
generally decreased due to export of the drug by transporters
in the cell membrane.[14, 27] Endowing the DNA–azo nano-
pump with nuclear-targeting capacity can avoid the impair-
ment and suppress multidrug resistance.[28] Thus, HIV-1 TAT
was assembled on the nanopump,[29] which increased the
hydrodynamic diameter (Supporting Information, Fig-
ures S3 d and S10a) and Zeta potential (Supporting Informa-
tion, Figure S10c). After anionic HA was introduced through
electrostatic adsorption for specifically targeting cancer cells,
the resulting nanopump had a hydrodynamic diameter of
118.8 nm (Supporting Information, Figure S10b) and a neg-
ative Zeta potential. The HA degradation upon incubation
with HAase was demonstrated by the positive variation of
Zeta potential (Supporting Information, Figure S10d). The
HA-mediated endocytosis through the recognition of HA by
CD44 was also validated from the confocal images. After
incubation with FAM-labeled DNA nanopump, HepG2 cells
showed strong fluorescence, while little fluorescence signal
was observed when excessive HA coexisted in the culture
medium (Supporting Information, Figure S11).

To demonstrate the TAT mediated nuclear-targeted
transport, HepG2 cells were incubated with FAM-labeled
UCNPs-LAAzoBCAzo-TAT-HA or UCNPs-LAAzoBCAzo-HA,
and then stained with DAPI for nuclear identification. The
former exhibited the fluorescence of FAM mainly in peri-
nuclear region, while the fluorescence of the latter located in
cytoplasm (Figure 3 and Supporting Information, Fig-
ure S12), indicating the important role of TAT in nuclear-
targeted delivery.

The cellular therapeutic efficiency was firstly evaluated
with a standard MTT assay. After 10 min NIR irradiation, the
cells treated with UCNPs-LAAzoBCAzo/DOX-TAT-HA
showed 43.5% suppression of cell proliferation, which
reached 72.8 % after 30 min NIR irradiation (Figure 4a),
which were much stronger than those of 20 % by azo-modified
mesoporous silica[10a] and 60 % by decomposable nanocapsu-
les[4a] after 10 and 30 min NIR irradiation, respectively. In the

Figure 2. a) UV/Vis absorption spectra of UCNPs-LAAzoBCAzo after
exposed to UV, Vis, and UV/Vis light. Inset in (a): absorbance between
400 and 500 nm. b) Release percentages of DOX from UCNPs-
LAAzoBCAzo/DOX after exposed to UV, Vis, and UV/Vis light. c) Fluores-
cence spectra for supernatants of UCNPs-LAAzoBCAzo/DOX for 0 to
50 min NIR irradiation. d) Release percentages of DOX from UCNPs-
LAAzoBCAzo/DOX and UCNPs-LABC/DOX after 0 to 50 min NIR irradi-
ation.

Figure 3. Confocal laser scanning microscopy (CLSM) images of
HepG2 cells treated with FAM-labeled UCNPs-LAAzoBCAzo-TAT-HA
(ULAzoTH) and UCNPs-LAAzoBCAzo-HA (ULAzoH). The scale bar is
25 mm.
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absence of either azo or NIR irradiation, the suppression was
negligible. Furthermore, the treatment with UCNPs-
LAAzoBCAzo-TAT-HA and then NIR irradiation showed
little effect on both cell viability (Supporting Information,
Figure S13) and morphology (Supporting Information, Fig-
ure S14), indicating negligible toxicity of both UCNPs-
LAAzoBCAzo-TAT-HA and NIR irradiation to cells, as
observed in previous work.[26b] Furthermore, the DNA–azo
nanopump showed negligible influence on cell proliferation in
the absence of NIR irradiation (Supporting Information,
Figure S15), further confirming the stability of the nanopump.
Similarly, the flow cytometric assay demonstrated cell apop-
tosis rates of 39.9%, 53.5%, and 71.1 % upon the treatment
with the proposed nanopump and NIR irradiation for 10, 20,
and 30 min, respectively (Supporting Information, Fig-
ure S16). Therefore, the boosting effect of the DNA nano-
pump in accelerating the drug release greatly improved the
anticancer therapeutics.

To demonstrate the advantage of nuclear targeting,
HepG2 cells were incubated with DOX, UCNPs-
LAAzoBCAzo/DOX-HA, and UCNPs-LAAzoBCAzo/DOX-
TAT-HA at the same amount of DOX and irradiated with
980 nm laser (2 Wcm@2). UCNPs-LAAzoBCAzo/DOX-TAT-
HA treated cells always showed the lowest cell proliferation
at different DOX concentrations (Supporting Information,
Figure S17), indicating the enhanced therapeutic efficacy of
the nuclear-targeted drug delivery.

The performance of in vivo anticancer therapy was
verified using mice bearing HepG2 xenograft tumors. The
mice intratumorally injected with 150 mL DNA–azo nano-
pump and then irradiated with NIR for 30 min showed

obvious inhibition of tumor growth (Figure 4b and Support-
ing Information, Figure S18). Other groups, such as those
injected with DOX, showed a lower level of tumor growth
inhibition. Furthermore, histological analysis indicated
UCNPs-LAAzoBCAzo/DOX-TAT-HA treatment led to mas-
sive cell remission after NIR irradiation (Figure 4 c), con-
firming its better inhibition effect on tumor growth. More
importantly, no apparent variation in body weight was
observed for all experiment groups (Supporting Information,
Figure S19), even the mice treated with UCNPs-LAAzoBCAzo/
DOX-TAT-HA, and the liver, heart, lung, spleen, and kidney
did not show obvious pathological abnormalities (Supporting
Information, Figure S20), indicating good tumor-targeting
capability and little side-effects of the DNA–azo nanopump.

In conclusion, we present a new paradigm for enhanced
intracellular drug release and anticancer therapy using
a newly designed DNA–azo nanopump. The nanopump can
be conveniently prepared by assembling azo-functionalized
DNA strands on UCNPs and fueled with upconversion
luminescence for rapid and efficient drug release. As a con-
trolled delivery system, the anticancer drug DOX can be
loaded on the formed DNA helix, and both cancer-cell
targeting and nuclear localization have been used to improve
the therapeutic efficacy. Under 980 nm NIR irradiation, the
continuous rotation-inversion movement of azo molecules
induces DNA hybridization and dehybridization for control-
lable release of DOX. The delivery system showed good
biocompatibility and excellent performance in both cellular
and in vivo therapy. We envision that this upconversion-
luminescence-fueled DNA–azo nanopump could improve the
chemotherapeutic outcomes of solid tumors in clinical
applications.
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Figure 4. a) Relative cell proliferation percentages for HepG2 cells
treated with UCNPs-LAAzoBCAzo-TAT-HA (A), UCNPs-LABC/DOX-TAT-
HA (B), and UCNPs-LAAzoBCAzo/DOX-TAT-HA (C) and then NIR expo-
sure. Error bars indicate mean:SD (n =3). b) Relative tumor volumes
at different days after treatments. c) Histological observations of
tumor tissues after treatment with saline, DOX, UCNPs-LABC/DOX-
TAT-HA (ULTH/DOX), and UCNPs-LAAzoBCAzo/DOX-TAT-HA (ULAzoTH/
DOX), and then NIR irradiation. Error bars indicate mean:SD (n =5).
The scale bar is 50 mm.
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