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ABSTRACT: With their remarkable activation efficiency, cGAS-STING agonists
have emerged as a promising strategy to promote immunotherapy. However,
continuous activation of the STING pathway may induce resistance and immune
evasion, thus impairing the therapeutic effect. Considering repetitive transient rest
could restore immune system function and avoid side effects, here we develop an
intermittent STING agonist to reversibly activate the cGAS-STING pathway with
“stimulation-suspension” patterns, which induce repetitive “activation-rest”
intervals in immunotherapy with enhanced efficiency. Near infrared (NIR)
switchable reversible DNA shutter (NIR-DNA shutter), as the intermittent
STING agonist, is synthesized by conjugating a pair of segmented complementary
DNA strands that incorporated Azobenzene (Azo) to the surface of upconversion
nanoparticles (UCNPs). Low power 808 nm irradiation generates a high Vis/UV
ratio for UCNPs upconversion emission, which induces trans-Azo isomerization
and assembles dsDNA chain along UCNPs surface to activate STING pathway, while high power 808 nm irradiation generates a
high UV/Vis ratio for UCNPs upconversion emission, which induces cis-Azo isomerization and disassembles dsDNA chain to pause
STING pathway. Switching NIR irradiation powers reversibly converts the NIR-DNA shutter between “ON/OFF” statuses and
programs the cGAS-STING pathway with repetitive “activation-rest” interval mode, which demonstrates superior therapeutic
efficacy by remodeling the immune-environment and enhancing tumor cell killing compared with the constant STING agonist.

■ INTRODUCTION
Cyclic guanosine monophosphate-adenosine monophosphate
synthetase (cGAS) - stimulator of interferon gene (STING) is
an important innate immune pathway that promotes antitumor
immunity.1−3 The enzymatic function of cGAS is activated
upon binding to double-stranded DNA (dsDNA) in a
sequence-independent manner, enabling it to catalyze synthesis
of the second messenger cyclic GMP-AMP (cGAMP). cGAMP
then binds to STING and activates downstream signaling
pathways with a series of cytokines release, which ultimately
endows the body with a powerful antitumor immune force.4,5

STING agonists have emerged as a promising strategy for
reinvigorating antitumor immunity,1,6,7 which include small
molecules such as 4-(5,6-dimethoxybenzo[b]thiophen-2-yl)-4-
oxobutanoic acid (MSA-2) that binds to STING,8 cyclic
dinucleotides (CDNs) that mimic endogenous cGAMP,9 and
metal ions (Zn2+, Mn2+)10 that enhance cGAS activity, as well
as polypeptides that induce STING assembly.11

Despite their remarkable activation efficiency, currently
reported STING agonists still lack control over the operation
location and duration. Improper activation of immune
signaling pathways may lead to off-tumor toxicity and
autoimmune disorders.12,13 Overactivation by STING agonists
can promote immunosuppressive microenvironment forma-
tion,14 damage T cells by inducing apoptosis, and compromise
outcomes of immunotherapies.15,16 Moreover, continuous

stimulation of the cGAS-STING pathway causes severe
inflammatory conditions, which may promote immune evasion
and metastasis.17 Since transient rest could restore the
functionality of the immune system,18 “activation-rest”
intervals have been generated in immunotherapy by repetitive
invasive administrations of small-molecule inhibitors for
efficiency enhancement.19 Therefore, developing intermittent
STING agonists that manipulate the cGAS-STING pathway
with “activation-rest” intervals in a facile and noninvasive mode
would be highly desired.
DNA is highly programmable based on Watson−Crick base

pairing, which exhibits advantages of precise structure and
configuration controls.20 Long dsDNA with over 40 base
pairs21,22 would provide a more stable cGAS-DNA complex
with more efficient STING activation. Therefore, hairpin
structured DNA strands have been reported as STING
agonists to generate dsDNA chain intracellularly.23,24 By
integrating single or dual cleavable points that respond to
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stimuli, including UV exposure or endonuclease, into hairpin
DNA strands, cGAS-STING pathway activation or termination
has been regulated in a “one-way” mode.25,26 Although
demonstrating impressive manipulation of the STING path-
way, the as-reported “one-way” STING agonists are incapable
of performing repetitive reversible “activation-rest” intervals in
STING pathway regulations. In addition, dependence on UV
light as a stimulus further impedes its potential for in vivo
applications considering the limited tissue penetration depth.
To achieve immunotherapy boosting with “activation-rest”

intervals, here we develop a near-infrared (NIR)-switched
DNA shutter (NIR-DNA shutter) as an intermittent STING
agonist, which programs the cGAS-STING pathway with a
reversible regulation mode via an Azobenzene (Azo) trigger for
programming dsDNA chain hybridization and dehybridization
along the upconversion nanoparticle (UCNPs) surface
(Scheme 1A). To prepare the NIR-DNA shutter, a pair of
photoswitchable DNA strands, cho-S1Azo and cho-S2Azo, is
designed as components for the dsDNA chain. Cho-S1Azo/cho-
S2Azo strands both consist of an 18-base hybridization region
and a 15-base poly-T spacer region and are functionalized with

cholesterol at 5′ and 3′ termini, respectively, for anchoring to
UCNPs surface. The hybridization regions of cho-S1Azo/cho-
S2Azo are segmented complementary to allow their sequential
hybridization for the generation of a long dsDNA chain. Four
pairs of Azo groups, which switch between cis and trans
isomerizations upon UV/Vis exposure, respectively,27−29 were
introduced into the hybridization regions of both strands to
achieve photoswitched hybridization and dehybridization of a
long dsDNA chain (Scheme 1B, cho-S1Azo, cho-S2Azo). Core−
shell UCNPs NaYF4:Tm,Yb@NaYF4:Nd,Yb are synthesized as
miniature light transducers to upconvert 808 nm NIR
excitation to UV/Vis emissions at 450/475 and 343/365 nm
respectively, while low power 808 nm irradiation results in high
Vis/UV emission ratio and high power 808 nm irradiation
results in high UV/Vis emission ratio (Scheme 1B, UCNPs).
UCNPs are covered with DSPE-PEG on the surface, and
anchored with cho-S1Azo, cho-S2Azo strands via hydrophobic−
hydrophobic interactions between cholesterol and DSPE to
obtain NIR-DNA shutter as an intermittent agonist for cGAS-
STING pathway regulation with “activation-rest” intervals
(Scheme 1B, NIR-DNA shutter).

Scheme 1. Schematic Illustration of NIR-DNA Shutter As Intermittent STING Agonist to Enhance Immunotherapy with
“Activation-Rest” Intervalsa

a(A) NIR-DNA shutter as intermittent STING agonist with reversible STING “activation-rest” regulation. (B) Synthesis of NIR-DNA shutter. (C)
NIR-switched DNA shutter as an intermittent STING agonist for reversible regulation of the cGAS-STING pathway.
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For in vivo manipulation of the cGAS-STING pathway, the
NIR-DNA shutter is intratumorally injected into tumor-
bearing mice, which is subsequently exposed to alternative
low power and high power 808 nm irradiations. Under low
power NIR irradiation, a high Vis/UV emission ratio switches
Azo to trans- isomerization and promotes the assembly of long
dsDNA chain along the UCNPs surface via sequential
hybridization of S1Azo and S2Azo. The assembly of dsDNA
turns on the NIR-DNA shutter (Scheme 1C, “ON” status),
which allows cGAS binding and produces cGAMP using
adenosine triphosphate (ATP) and guanosine triphosphate
(GTP) as substrates. The as-generated cGAMP then activates
STING and triggers the release of a series of immune
stimulators, such as type I interferons (IFN-I), to activate T
cells by enhancing antigen presentation and providing
costimulatory signals. The poly-T spacer region saves space
around a long dsDNA chain, which not only guarantees S1Azo/
S2Azo hybridization efficiency along the UCNPs surface, but
also allows efficient cGAS binding to dsDNA. In addition, the
fastening of cho-S1Azo, cho-S2Azo strands on UCNPs' surface
enhances their high local concentrations, and the correspond-
ing generation of dsDNA chain along UCNPs with a net-like
structure provides higher valency for cGAS-STING complex
with enhanced enzymatic activity. Under high power NIR
irradiation, a high UV/Vis emission ratio switches Azo to cis-
isomerization, which disassembles the long dsDNA chain, and
correspondingly turns off the NIR-DNA shutter to pause the
cGAS-STING pathway (Scheme 1C, “OFF” status). Therefore,
switching 808 nm excitation light between low power and high
power drives reversible “ON-OFF” status conversion of NIR-

DNA shutter, which manipulates cGAS-STING pathway with
“activation-rest” intervals. The intermittent modulation strat-
egy demonstrates superior therapeutic efficacy by reducing
immunosuppressive cells in the tumor microenvironment and
elevating CD4+ helper T cells and CD8+ cytotoxic T cell levels.
Compared with the constant STING agonist, the as-reported
intermittent STING agonist effectively enhances tumor cell
killing by immune cells and suppresses tumor growth.

■ RESULTS AND DISCUSSION
Photoswitched dsDNA Chain Assembly and Disas-

sembly. To verify the assembly of the dsDNA chain, DNA
strands S1 and S2 that consist of an 18-nt hybridization region
and a 15-nt poly-T spacer region, respectively, were prepared.
DNA strand S1 has a spacer region in its 5′ terminus and
segments A, B for the hybridization region in its 3′ terminus.
DNA strand S2 has a spacer region in its 3′ terminus and
segments B’, A’ for the hybridization region in its 5′ terminus.
Segments A and B in S1 have complementary sequences to
segments A’ and B’ in S2, thus could alternately hybridize to
generate a long dsDNA chain with repeating hybridization
units AA’/BB’ (Figure S1A). The successful assembly of a long
dsDNA chain was confirmed using polyacrylamide gel
electrophoresis (PAGE), which showed a single band with
significantly lower mobility after incubating S1 and S2 for 30
min at 37 °C (Figure S1B, lane 3). Atomic force microscopy
(AFM) images revealed a linear DNA strand approximately 1.5
nm in height, consistent with the expected height of double-
stranded DNA (Figure S1C), further confirming the successful

Figure 1. Synthesis of dsDNA chain and its reversible photo responses. (A) Schematic illustration of S1Azo/FAM, S2Azo/TAMRA structures and optically
switched dsDNA chain assembly and disassembly. (B) Fluorescence spectra of S1Azo/FAM/S2Azo/TAMRA under three cycles of alternate Vis/UV
irradiations and corresponding (C) fluorescence intensity ratios of TAMRA and FAM (F580/F520) for “reversible” group S1Azo/FAM/S2Azo/TAMRA
and “unreversible” control group S1FAM/S2TAMRA. (D) PAGE characterization of S1Azo/S2Azo under alternate Vis/UV irradiations. (E) Normalized
fluorescence signal plotted as a function of S2Azo/TAMRA concentration with fitting.
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generation of long dsDNA via alternative hybridization of S1
and S2.
As a photodriven trigger that switches between two

isomerizations for operating molecular machines30−32 and
manipulating DNA hybridization/dehybridization,29,33−37 azo-
benzene (Azo) was incorporated into the backbone of S1/S2
for photo-switched assembly and disassembly of dsDNA chain
(S1Azo/S2Azo). S1Azo contains two Azo molecules between the
2/3 base and the 4/5 base in segment A and two Azo
molecules between the 5/6 base and the 7/8 base in segment B
respectively, and S2Azo contains two Azo molecules between
the 6/7 base and the 8/9 base in segments A’ and two Azo
molecules between the 1/2 base and the 3/4 base in B’
respectively. Azo molecules are located in pairs with one base
in between, which generates four pairs of Azo occupied each
repeating hybridization unit AA’/BB’ in the dsDNA chain. The
3′ terminus and 5′ terminus of S1Azo and S2Azo were labeled
with FAM and TAMRA, respectively (Figure 1A, S1Azo/FAM,
S2Azo/TAMRA) for fluorescence characterization of photo-

switched assembly/disassembly transitions of the dsDNA
chain. Visible light (450 nm, 14 mW/cm2) keeps the planar
trans-isomer of Azo, thus stabilizing the duplex structure of
dsDNA by stacking with adjacent base pairs. UV light (365
nm, 6 mW/cm2) converts Azo to its nonplanar cis-isomer, thus
dehybridizing the duplex structure of dsDNA through steric
hindrance. This light-switched isomerization conversion of Azo
reversibly programs the assembly and disassembly of the
dsDNA chain (Figure 1A).
To alternatively switch the assembly and disassembly of the

dsDNA chain, S1Azo/FAM and S2Azo/TAMRA were pretreated with
UV light to make Azo in Cis isomerization that is unfavorable
for DNA hybridization, which only showed FAM fluorescence
at 520 nm upon 488 nm excitation (Figure 1B, Pre-UV). The
assembly of dsDNA upon Vis irradiation resulted in proximity
of FAM and TAMRA with efficient Förster resonance energy
transfer (FRET) process from FAM to TAMRA (Figure 1B, 1st
cycle, Vis) and corresponding increase of TAMRA/FAM
fluorescence ratio (F580/F520) (Figure 1C, S1Azo/FAM/

Figure 2. Synthesis of NIR-DNA shutter and its reversible status “ON/OFF” switch upon low power and high power 808 nm excitation. (A) TEM
images of UCNPs. (B) Vis over UV emission intensity ratio (IVis/IUV) of UCNPs in response to different power density of 808 nm excitation laser.
(C) Emission spectra of UCNPs upon low power density (0.75 W/cm2) and high power density (2.10 W/cm2) 808 nm NIR irradiation. (D)
Fluorescence spectra of UCNPs-PEG, UCNPs-PEG mixed with S1Azo/FAM/S2Azo/FAM (+S1Azo/FAM/S2Azo/FAM), and NIR-DNAFAM shutter. Schematic
illustrations of (E) cho-S1Azo, cho-S2Azo distribution on UCNPs surface and (F) reversible status conversion of NIR-DNACy3/Cy5 shutter upon low
and high NIR irradiation powers. (G) Fluorescence spectra of NIR-DNA shutter under three cycles of alternate low/high power 808 nm
irradiations, and corresponding (H) fluorescence intensity ratios of Cy5 and Cy3 (F670/F570) for NIR-DNACy3/Cy5 shutter, constant STING
agonist control group UCNPs-S1Cy3/S2Cy5 under different power 808 nm laser irradiation. (I) Schematic illustration of FITC florescent droplet-like
structure formation with “ON” status NIR-DNA shutter and (J) its corresponding phase separation characterization in response to two cycles of
alternate low power/high power 808 nm laser irradiation.
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S2Azo/TAMRA, 1st, Vis). Subsequent UV irradiation recovered
FAM fluorescence intensity at 520 nm (Figure 1B, 1st cycle,
UV) with a significant decrease of F580/F520 (Figure 1C,
S1Azo/FAM/S2Azo/TAMRA, 1st, UV), indicating efficient disassem-
bly of dsDNA. The alternate Vis/UV irradiations were
repeated for three cycles, and demonstrated consistent FRET
(F580/F520) signal switches across irradiation cycles (Figure
1B, 2nd cycle, 3rd cycle, Figure 1C, S1Azo/FAM/S2Azo/TAMRA, 2nd,
3rd), indicating efficient photoprogrammed reversible dsDNA
chain assembly and disassembly. However, fewer Azo
modifications failed to induce complete dsDNA dehybridiza-
tion (Figure S2). S1FAM/S2TAMRA, in the absence of Azo
modification, were set as “unreversible” control group, which
produced a dsDNA chain upon the mixture of S1FAM and
S2TAMRA and remained hybridized regardless of alternate Vis/
UV irradiations with high FRET (F580/F520) signal (Figures
S3 and 1C, S1FAM/S2TAMRA). The reversible assembly/
disassembly of the dsDNA chain was further confirmed by
native polyacrylamide gel electrophoresis (PAGE) character-
ization. Under visible light irradiation, the PAGE bands
demonstrated much lower mobility compared with single-
stranded DNA (S1Azo/S2Azo) bands, indicating successful
formation of the dsDNA chain (Figure 1D, 1st Vis). UV
irradiation restored bands to positions corresponding to
dissociated S1Azo/S2Azo (Figure 1D, 1st UV). Alternate Vis/
UV irradiations were repeated and demonstrated reversible
PAGE patterns that aligned with the 1st cycle of Vis/UV
irradiations (Figure 1D, 2nd Vis, 2nd UV, 3rd Vis).
To compare the hybridization tendencies of S1Azo and S2Azo

with Azo in Cis and Trans isomerizations, respectively, the
dissociation constants (Kd) were determined by fluorescence
FRET assays using S1Azo/FAM and S2Azo/TAMRA. Serial dilutions
of S2Azo/TAMRA were incubated with a fixed concentration of
S1Azo/FAM until equilibrium was reached. Fluorescence
intensities were measured to calculate the fraction of
hybridized DNA, and Kd values were derived by fitting the
data to the Langmuir isotherm equation model. Nonlinear
curve fitting analysis revealed a Kd value of ∼20.20 nM for
S1Azo and S2Azo under visible irradiation with trans-Azo (Figure
1E, Vis), whereas hybridization was hardly achieved for S1Azo
and S2Azo under UV irradiation with cis-Azo in the tested
concentration range (Figure 1E, UV). The nM range of Kd
value indicated the structure stability of the dsDNA chain
under Vis irradiation,38 and these results further demonstrated
the high efficiency of photomodulated dsDNA chain assembly/
disassembly processes.
Synthesis and Characterization of NIR-DNA Shutter

UCNPs-S1Azo/S2Azo. Considering the limited tissue penetra-
tions of UV/Vis irradiations, upconversion nanoparticles
(UCNPs) that upconvert NIR irradiation to UV/Vis emissions
were introduced to reversibly switch dsDNA chain assembly
and disassembly. NIR-DNA shutter UCNPs-S1Azo/S2Azo was
accordingly prepared as an intermittent STING agonist. The
core−shell structured UCNPs NaYF4:Tm,Yb@NaYF4:Nd,Yb,
consisting of an activator Tm3+ doped upconversion core
NaYF4:0.5%Tm3+,30%Yb3+ and a sensitizer Nd3+ doped NIR
absorption shell NaYF4:10%Nd3+,10%Yb3+, was synthesized
using our previously reported method,39 and showed
monodisperse particle sizes for UCNPs core of 31.5 ± 1.85
nm (Figure S4) and for core−shell UCNPs of 41.6 ± 2.13 nm
(Figure 2A). Nd3+ sensitizer in the shell absorbed 808 nm NIR
light irradiation and transferred energy to Tm3+ in the core
through Yb3+, which produced upconversion peaks corre-

sponding to the 1I6 ≫ 3F4 and 1D2 ≫ 3H6 transitions in UV
region at 343 and 365 nm respectively, and 1D2 ≫ 3F4 and 1G4
≫ 3H6 transitions in Vis region at 450 and 475 nm,
respectively. Notably, the intensity ratio of upconverted UV/
Vis luminescence is highly dependent on the power density of
the excitation light (Figure S5). Considering the saturation of
Vis emissions at high excitation powers,40 the Vis/UV
luminescence intensity ratio decreases as the power density
of 808 nm excitation light increases (Figure 2B). At a low
power density of 0.75 W/cm2, UCNPs predominantly
generated Vis emission with a Vis/UV intensity ratio of 2.87
(Figure 2C, low power), while the ratio decreased to 1.52 at a
high power density of 2.10 W/cm2 (Figure 2C, high power).
The successful excitation power-dependent manipulation of
UCNPs' upconversion emission intensity ratio endowed it with
the capability of Azo isomerization switching.
The synthesized oleic acid (OA)-capped UCNPs were

modified with DSPE-mPEG2000 via hydrophobic interactions
between DSPE and OA to obtain UCNPs-PEG, forming a
bilayer structure with a hydrophobic OA/DSPE inner layer
and a hydrophilic PEG outer layer (Figure S6A, UCNPs-PEG).
The as-obtained UCNPs-PEG demonstrated a hydrate
diameter of ∼66 nm and zeta potential of ∼ −10 mV (Figure
S6B,C, UCNPs-PEG). To prepare NIR-DNA shutter UCNPs-
S1Azo/S2Azo, DNA strands cho-S1Azo and cho-S2Azo were
anchored to the OA/DSPE inner layer with cholesterol as a
hydrophobic anchor. This is a commonly used surface
modification process, which is a thermodynamically favorable
process and is quickly completed. While the 15-nt poly-T
spacer region propped up the hybridization region of cho-
S1Azo/cho-S2Azo beyond the PEG outer layer to ensure efficient
hybridizations (Scheme 1B, Figure S6A, NIR-DNA shutter).
To prevent hybridization of cho-S1Azo and cho-S2Azo during
the preparation process, both DNA strands were preirradiated
with UV light to turn Azo to cis-isomerizatoin that is
unfavorable for DNA hybridization before incubating with
UCNPs-PEG. The as-obtained NIR-DNA shutter showed an
increase of hydrated diameter to ∼81 nm and a decrease of
zeta potential to ∼ −31 mV (Figure S6B,C, NIR-DNA
shutter). NIR-DNA shutter also showed an obvious character-
istic absorption peak of DNA at 260 nm in the UV−visible
absorption spectrum (Figure S6D, NIR-DNA shutter). The
anchoring of DNA strands on the UCNPs' surface was further
evaluated by fluorescence spectra. FAM dye-labeled cho-S1Azo
(cho-S1Azo/FAM) and cho-S2Azo (cho-S2Azo/FAM) were incubated
with UCNPs-PEG, and the as-obtained NIR-DNAFAM shutter
showed strong FAM fluorescence (Figure 2D, NIR-DNAFAM
shutter). In comparison, UCNPs-PEG were also incubated
with S1Azo/FAM and S2Azo/FAM that in the absence of cholesterol
modification, which demonstrated substantially lower fluo-
rescence compared with the NIR-DNAFAM shutter (Figure 2D,
+S1Azo/FAM/S2Azo/FAM). These results indicated the low degree
of nonspecific adsorption from DNA strands cho-S1Azo/FAM
and cho-S2Azo/FAM and their anchoring to UCNPs-PEG were
predominantly attributed to the hydrophobic−hydrophobic
interaction between the cholesterol head of DNA strands and
DSPE. The coverage density of DNA strands on UCNPs-PEG
was evaluated by comparing the fluorescence intensity of NIR-
DNAFAM shutter with the standard calibration curve of cho-
S1Azo/FAM/cho-S2Azo/FAM (Figure S7), and the number of
surface-anchored DNA strands was determined as ∼150 per
particle. Accordingly, the average distance among DNA strands
on the UCNP surface was calculated as ∼3.3 nm. Considering
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the hybridization region length of ∼5.4 nm, the packing
density of DNA strands is sufficient for the assembly and
disassembly of the dsDNA chain along the UCNPs surface
(Figure 2E).
NIR-Switched Reversible dsDNA Assembly and

Disassembly. NIR programmed isomerization of Azo, that
modified in S1Azo/S2Azo, was verified by UV−Vis spectra. NIR-
DNA shutter showed DNA characteristic absorption peak at
260 nm and Azo characteristic absorption peak at 340 and 430
nm (Figure S8). Low power 808 nm light irradiation resulted
in an increase for 340 nm absorbance peak that corresponded
to π−π* transition of trans-Azo41 and a decrease for 430 nm
absorbance peak that corresponded to n−π* transition of cis-
Azo41 (Figure S8, 1st low power), indicating the corresponding
transition of Azo from cis-isomerization to trans-isomerization.
Subsequent high power 808 nm irradiation resulted in an
obvious decrease in the trans-Azo characteristic absorbance
peak at 340 nm and an increase in the cis-Azo characteristic
absorbance peak at 430 nm (Figure S8, 1st high power),
indicating the corresponding transition of Azo from trans-
isomerization to cis-isomerization. Low power and high power
808 nm NIR irradiation were repeated sequentially and
demonstrated the same intensity change tendency for both
trans-Azo and cis-Azo characteristic absorbance peaks as in the
first cycle (Figure S8, 2nd low power, 2nd high power). These
results confirmed the reversible Azo isomerization conversion
switched by NIR excitation power density.
To visualize the NIR power density switched status

conversion of NIR-DNA shutter via fluorescence spectra, the
3′ terminus and 5′ terminus of DNA strand cho-S1Azo and cho-
S2Azo were labeled with Cy3 and Cy5, respectively (S1Azo/Cy3,

S2Azo/Cy5) to prepare NIR-DNACy3/Cy5 shutter. Low power 808
nm light irradiation (0.75 W/cm2) switched NIR-DNACy3/Cy5
shutter to “ON” status with trans-Azo, and induced alternative
hybridization of S1Azo/Cy3 and S2Azo/Cy5 along the UCNPs
surface to form a dsDNA chain (Figure 2F, low power). The
formation of the dsDNA chain resulted in proximity of Cy3
and Cy5 and efficient FRET process with a substantial increase
of Cy5/Cy3 fluorescence intensity ratio (F670/F570) (Figure
2G, 1st cycle, low power, Figure 2H, NIR-DNACy3/Cy5 shutter,
1st, low). High power 808 nm light irradiation (2.1 W/cm2)
switched NIR-DNACy3/Cy5 shutter to “OFF” status with cis-
Azo, which dehybridized the dsDNA chain and significantly
decreased F670/F570 by ∼85% (Figure 2G, 1st cycle, high
power, Figure 2H, NIR-DNACy3/Cy5 shutter, 1st, high). The
alternate low power/high power irradiation cycles were
repeated for three cycles and seven cycles and demonstrated
similar tendency of F670/F570 ratio changes (Figure 2G, 2nd
cycle, 3rd cycle, Figure 2H, NIR-DNACy3/Cy5 shutter, 2nd, 3rd,
Figure S9), indicating good reversibility, durability, and
efficiency of NIR-DNA shutter as intermittent STING agonist
for manipulating dsDNA chain assembly and disassembly. In
comparison, UCNPs-S1Cy3/S2Cy5, as constant STING agonists,
were prepared by conjugating the “unreversible” control group,
cho-S1Cy3 and cho-S2Cy5, which, in the absence of Azo
modification, to the UCNP surface (Figure S10A). The
constant STING agonist could not make reversible dsDNA
chain assembly/disassembly and remained at “ON” status with
a high F670/F570 ratio regardless of low power or high power
NIR irradiations (Figure 2H, UCNPs-S1Cy3/S2Cy5, Figure
S10B). These results indicated the critical role of the status

Figure 3. NIR light programmed status conversion of NIR-DNA shutter and corresponding “activation-rest” interval of cGAS-STING pathway. (A)
Confocal images and (B) corresponding Cy5/Cy3 FRET ratio of Raw264.7 cells treated with NIR-DNACy3/Cy5 shutter and exposed with 2 cycles of
low/high power 808 nm laser irradiations. The Cy5/Cy3 channel imaging ratio obtained from ImageJ processing was represented in a 16-color
format. (C) Confocal images of reversible intracellular GFP-cGAS liquid phase condensation and (D) ELISA measurement of IFN-β secretion in
response to 2 cycles of low/high power 808 nm laser irradiations. (E) Western blot analysis of signaling proteins expressed in the cGAS-STING
pathway of Raw264.7 cells treated with NIR-DNA shutter in response to 2 cycles of low/high power 808 nm laser irradiations.
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switchable DNA shutter in the reversibility control of dsDNA
chain assembly.
In addition, UCNPs-S1Azo/Cy3 that were only functionalized

with cho-S1Azo/Cy3 and UCNPs-S2Azo/Cy5 that were only
functionalized with cho-S2Azo/Cy5 were mixed, which barely
showed a FRET signal corresponding to both low power and
high power 808 nm irradiation (Figure S11). These results
indicated that interparticle DNA hybridization barely occurred
with little particle aggregation.
The activation of cGAS to promote cGAMP production is

accompanied by DNA-induced phase separation42 (Figure 2I);
therefore, the feasibility of manipulating cGAS-STING path-
way activation and rest was further confirmed by verifying
droplet formation and decomposition in vitro. NIR-DNA
shutter, as the intermittent STING agonist, was mixed with
FITC-labeled cGAS (cGASFITC), which demonstrated FITC
fluorescent droplet-like structures with ∼5 μm upon low power
808 nm irradiation (Figure 2J, 1st low power), suggesting the
generation of liquid−liquid phase separation due to the
efficient binding of cGASFITC to the NIR-DNA shutter with
“ON” status. FITC fluorescent droplet disappeared upon high
power 808 nm irradiation, which indicated the release of
cGASFITC from NIR-DNA shutter with “OFF” status (Figures
S12A and 2J, 1st high power). Alternate low power and high
power NIR irradiation was repeated and demonstrated a
similar tendency of FITC droplet formation and decom-
position over seven cycles (Figure 2J, 2nd low power, 2nd high
power, Figure S13). On the contrary, constant STING agonist
UCNPs-S1/S2 was also incubated with cGASFITC, which
remained at “ON” status due to the failure to reversibly control
dsDNA assembly and showed FITC fluorescent droplet
structures regardless of low power or high power 808 nm
irradiation (Figure S12B,C).
Intracellular Characterization of NIR-DNA Shutter As

NIR-Programmed Intermittent STING Agonist. To visual-
ize internalization of intermittent STING agonist, the NIR-
DNACy3 shutter was prepared by conjugating Cy3-labeled
strand cho-S1Azo/Cy3 and cho-S2Azo/Cy3 to UCNPs-PEG and
incubated with RAW264.7 cells. Lipofectamine 3000 was
employed to transfect the NIR-DNACy3 shutter into
RAW264.7 cells, and confocal microscopy showed strong
intracellular Cy3 fluorescence after 8 h of incubation.
Lysosomal staining colocalization also demonstrated separa-
tion of Lyso-Green fluorescence and Cy3 fluorescence,
indicating efficient lysosomal escape of the NIR-DNACy3
shutter (Figure S14). These results indicated the efficient
intracellular delivery of the NIR-DNACy3 shutter. Internal-
ization of NIR-DNA shutter and subsequent alternative high
power/low power NIR irradiation did not affect the viability of
RAW264.7 cells and demonstrated over 85% of cell viability in
standard 3-(4,5-dimethylthiazol-2-yl)-2-diphenyltetrazolium
bromide (MTT) assay (Figure S15).
The feasibility of the NIR-DNA shutter in switching

intracellular reversible dsDNA chain assembly/disassembly
was evaluated by fluorescence imaging. NIR-DNACy3/Cy5
shutter was pretreated with high power 808 nm light to
make Azo in cis-isomerization unfavorable for DNA hybrid-
ization and subsequently incubated with RAW264.7 cells. Low
power (0.75 W/cm2) 808 nm laser irradiation resulted in
strong intracellular Cy5 fluorescence under 540 nm excitation,
indicating an efficient FRET process with NIR-DNACy3/Cy5
shutter at “ON” status (Figure 3A, 1st low power). Subsequent
high power (2.10 W/cm2) 808 nm irradiation switched the

NIR-DNACy3/Cy5 shutter to “OFF” status and significantly
decreased the intracellular Cy5 FRET signal (Figure 3A, 1st
high power). The alternate low power and high power 808 nm
irradiation were repeated for 2 cycles and demonstrated a
similar tendency of FRET fluorescence signal change (Figure
3A, 2nd low power, 2nd high power).
The FRET ratio of Cy5/Cy3 fluorescence intensity was

quantified in response to two cycles of 808 nm NIR irradiation
power changes, which demonstrated ratio value ∼1.5 in
response to low power 808 nm irradiation and ratio value
∼0.16 in response to high power 808 nm irradiation (Figure
3B, NIR-DNACy3/Cy5 shutter), and was visualized in 16-color
format image (Figure 3A, Ratio). These results confirmed the
good reversibility of NIR-DNA shutter switching in response
to NIR irradiation power density. To evaluate the structural
integrity of the NIR-DNACy3/Cy5 shutter during status
conversions, RAW264.7 cells were also excited with 540 nm
light and 620 nm light after the 2nd high power 808 nm
irradiation, which generated Cy3 fluorescence and Cy5
fluorescence, respectively, with the NIR-DNACy3/Cy5 shutter
in “OFF” status. The good overlap of intracellular Cy3 and
Cy5 fluorescence indicated good structure integrity of the
NIR-DNACy3/Cy5 shutter during the repetitive 808 nm
excitation power switching process (Figure S16). In compar-
ison, RAW264.7 cells were also incubated with a constant
STING agonist, UCNPs-S1Cy3/S2Cy5. Constant STING
agonist remained at status “ON” with hybridized dsDNA
chain in the absence of Azo modification, and the FRET ratio
of Cy5/Cy3 fluorescence could not demonstrate reversible
value switch and remained at ∼1.8 regardless of 808 nm
excitation light power conversion (Figures S17 and 3B,
UCNPs-S1Cy3/S2Cy5).
The binding of cGAS to dsDNA would result in intracellular

phase separations.42 To visualize the intracellular reversible
process of cGAS binding to NIR-DNA shutter and release, the
plasmid pEGFP-C3-cGAS was transferred into RAW264.7 cells
to obtain RAW264.7 cells that expressed GFP-stained cGAS
(GFP-RAW264.7). NIR-DNACy3 shutter was synthesized by
conjugating cho-S1Azo/Cy3 and cho-S2Azo/Cy3 to UCNPs-PEG,
and incubated with GFP-RAW264.7 cells. After low power 808
nm light irradiation to switch on the NIR-DNACy3 shutter,
GFP-RAW264.7 cells were continuously incubated for 4 h to
evaluate intracellular phase separation. CLSM images showed
the formation of GFP-stained droplet-like structures, indicating
efficient intracellular liquid−liquid phase separation. The GFP-
stained droplet-like structure overlapped well with the Cy3
fluorescence signal from the NIR-DNACy3 shutter, confirming
efficient binding of GFP-cGAS protein to the NIR-DNA
shutter when it switched to “ON” status (Figure 3C, 1st low
power). Subsequent high power 808 nm light irradiation
switched off the NIR-DNACy3 shutter, and the GFP-cGAS
droplet-like structure disappeared after continuous 4 h
incubation (Figure 3C, 1st high power), indicating the release
of GFP-cGAS from the NIR-DNA shutter when it switched to
“OFF” status. The alternate low power and high power 808 nm
irradiations were repeated for 2 cycles and demonstrated
reversible appearance/disappearance of GFP-cGAS stained
droplet-like structure (Figure 3C, 2nd low power, 2nd high
power). The reversible generation and decomposition of GFP-
cGAS liquid-phase condensation in response to low/high
powers 808 nm light irradiation periods guaranteed the
capability of NIR-DNA shutter as an intermittent STING
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agonist to regulate cGAS-STING pathway with “activation-
rest” intervals.
Cytokine IFN-β secretions from RAW264.7 cells, which

directly reflect cGAS-STING pathway activation, were
measured with enzyme-linked immunosorbent assay (ELISA)

to evaluate the “activation-rest” intervals of the cGAS-STING
pathway. Compared to untreated RAW264.7 cells, incubation
with NIR-DNA shutter alone, only irradiated with alternate
low/high 808 nm irradiations, or with alternate high/low 808
nm irradiations could not activate the cGAS-STING pathway,

Figure 4. Evaluation of antitumor immunotherapy of intermittent STING agonist in vivo. (A) In vivo fluorescence imaging of 4T1-bearing BALB/c
mice injected with NIR-DNAPT/Cy5/BHQ3 shutter under alternate low power and high power 808 nm laser irradiation. (B) Schematic illustration of
treatment for subcutaneous 4T1 tumor mice models with group 1: saline, group 2: constant STING agonist UCNPs-S1PT/S2PT and group 3:
intermittent STING agonist NIR-DNAPT shutter. (C) ELISA detection of IFNβ, IL-6, TNF-α and IFN-γ in serum. Representative flow cytometry
dot plots of (D) CD8+ T cells and (E) Treg cells. Flow cytometric analysis of immunostimulatory effect in 4T1 tumor-bearing mice, including (F)
infiltration of CD4+ T and CD8+ T cells in tumors, ratio of CD8+ T and Treg cells, percentage ratio of (G) M2-like macrophages, (H) MDSCs and
(I) exhaustion of CD8+ T cells. (J) Photographs of dissected 4T1 mice tumors, (K) tumor volume change curves, and (L) H&E staining of 4T1
tumors for mice groups treated with group 1: saline, group 2: constant STING agonist, and group 3: intermittent STING agonist, respectively. The
error bars in (C) and (K) indicate means ± SD (n = 5). Statistical analysis was carried out via one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison test, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Gating strategies for (D), (E), (F), and (I) are presented in Figure S30, and
those for (G) and (H) are presented in Figure S31.
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and barely resulted in IFN-β secretion (Figure S18). Low
power 808 nm irradiation switched on the NIR-DNA shutter
and activated the cGAS-STING pathway, which significantly
prompts IFN-β secretion (Figure 3D, NIR-DNA shutter, 1st
low power). On the contrary, high power 808 nm irradiation
switched off the NIR-DNA shutter and paused the cGAS-
STING pathway, which obviously reduced the IFN-β secretion
level by 62.5% (Figure 3D, NIR-DNA shutter, 1st high power).
The “activation” and “rest” intervals were repeated for 2 cycles
by alternate low/high power 808 nm irradiations and
correspondingly caused reversible increase and decrease of
IFN-β secretion levels (Figure 3D, NIR-DNA shutter, 2nd low
power, 2nd high power), indicating the capability of NIR-DNA
shutter for reversible manipulation of the cGAS-STING
pathway. IFN-β secretion from RAW 264.7 cells that were
treated with a constant STING agonist, UCNPs-S1/S2, was
also measured. The constant STING agonist kept the
activation of the STING pathway and demonstrated high
levels of IFN-β secretion regardless of low/high power 808 nm
irradiations (Figure 3D, UCNPs-S1/S2).
Phosphorylation of TBK1 and IRF3 serves as an important

indicator for evaluating cGAS-STING pathway activation.
Therefore, Western blot analysis was performed to characterize
the phosphorylation of these two key signaling molecules after
20 h of 808 nm laser irradiation to evaluate cGAS-STING
pathway manipulation with “activation-rest” intervals (Figure
3E). Low power 808 nm irradiation switched on the NIR-DNA
shutter and activated the cGAS-STING pathway, which
significantly improved p-TBK1 and p-IRF3 expression (Figure
3E, 1st low power). Subsequent high power 808 nm irradiation
switched off the NIR-DNA shutter and paused the cGAS-
STING pathway, which obviously reduced p-TBK1 and p-
IRF3 expression (Figure 3E, 1st high power). The “activation”
and “rest” intervals were repeated for 2 cycles by alternate low/
high power 808 nm irradiations and correspondingly caused
reversible increase and decrease of p-TBK1 and p-IRF3
expression levels (Figure 3E, 2nd low power, 2nd high power),
indicating the capability of NIR-DNA shutter for reversible
manipulation of the cGAS-STING pathway. In comparison, p-
TBK1 and p-IRF3 expression of RAW 264.7 cells that were
treated with constant STING agonist, UCNPs-S1/S2, were
also measured. The constant STING agonist kept the
activation of the STING pathway and demonstrated high
levels of p-TBK1 and p-IRF3 expression regardless of low/high
power 808 nm irradiations (Figure S19).
To rule out the possibility of DNA modification or

photoisomerization of Azo to activate the cGAS-STING
pathway, the NIR-DNA shutter was pretreated with high
power 808 nm light to make the NIR-DNA shutter in “OFF”
status, and subsequently incubated with cGASFITC and
RAW264.7 cells without any further irradiation. Neither
liquid−liquid phase separation generation nor increased p-
TBK1 and p-IRF3 expression was observed (Figure S20A,B,
+NIR-DNA shutter). In addition, UCNPs-S1Azo with only cho-
S1Azo anchoring was prepared and incubated with cGASFITC
and RAW264.7 cells in response to high power and low power
808 nm laser irradiation, respectively, which barely demon-
strated LLPS condensate generation nor p-TBK1 and p-IRF3
expression increase (Figure S20A,B, +UCNPs-S1Azo + low
power, +UCNPs-S1Azo + high power). These results indicated
that neither DNA modification nor Azo configuration change
would affect the cGAS-STING pathway.

In Vivo Immunotherapy with “Activation-Rest”
Intervals via NIR-Programmed Intermittent STING
Agonist. Although the cGAS-STING pathway is one of the
most prevalent targets for reshaping the immune micro-
environment, it is worth noting that continuous activation of
this pathway can lead to immune exhaustion and induce
resistance.14−17 Intermittent activation treatment has been
proposed as an effective strategy, where alternating periods of
immune activation and cessation allow cells to reverse
transcriptional changes associated with resistance, thereby
facilitating immune cell recovery and resensitization with
enhanced immunotherapy efficiency.18 To improve in vivo
structure stability and prevent nuclease degradation,43 the
NIR-DNAPT shutter was prepared with phosphorothioate-
modified DNA strands, cho-S1Azo/PT and cho-S2Azo/PT. The
serum stability of S1Azo/PT and S2Azo/PT was verified by PAGE
analysis, which demonstrated stable DNA bands for 72 h of
10% fetal bovine serum (FBS) treatment (Figure S21). To
further evaluate the in vivo accumulation and metabolism of
the NIR-DNA shutter, the NIR-DNAPT/Cy5 shutter was
synthesized with cho-S1Azo/PT/Cy5 and cho-S2Azo/PT/Cy5. The
as-obtained NIR-DNAPT/Cy5 shutter was intratumorally in-
jected into 4T1-bearing mice, and strong Cy5 fluorescence was
sustained at the tumor position for 72 h (Figure S22),
indicating the effective in vivo retaining of intermittent STING
agonist.
To visualize the in vivo reversible status switch of NIR-DNA

shutter, NIR-DNAPT/Cy5/BHQ3 shutter was synthesized using
UCNPs-PEG and cho-S1Azo/PT/Cy5 and cho-S2Azo/PT/BHQ3,
which were labeled with Cy5 and BHQ3 at the 3′ terminus
of S1Azo/PT and 5′ terminus of S2Azo/PT, respectively. The as-
obtained NIR-DNAPT/Cy5/BHQ3 shutter was preirradiated with
high power 808 nm irradiation to switch to “OFF” status, and
clearly showed Cy5 fluorescence at the tumor site after
administration (Figure 4A, after injection). Low power 808 nm
irradiation switched on NIR-DNAPT/Cy5/BHQ3 shutter, and the
corresponding hybridization of S1Azo/PT/Cy5 and S2Azo/PT/BHQ3
resulted in proximity of Cy5 and BHQ3 with significant
quenching of Cy5 fluorescence at the tumor site (Figure 4A,
low power). Subsequent high power 808 nm irradiation
switched off the NIR-DNAPT/Cy5/BHQ3 shutter and resulted in
an efficient recovery of Cy5 fluorescence at the tumor position
with comparable intensity to the original level just after
administration (Figure 4A, high power). These results
confirmed the efficient in vivo status “ON/OFF” switch of
the NIR-DNAPT/Cy5/BHQ3 shutter in response to low/high
power 808 nm irradiations.
Considering cGAS-STING agonists, which act as a link

between innate and adaptive immunity, are usually combined
with ICB therapy to enhance therapeutic effect; therefore,
intermittent STING agonist NIR-DNA shutter was combined
with ICB reagent anti-PDL1 antibody (αPDL1) to verify the in
vivo therapeutic effect. 4T1 tumor-bearing BALB/c mice were
randomly divided into three groups when the tumor size grew
to around 60 mm3, and administered with saline, intermittent
STING agonist NIR-DNAPT shutter, and constant STING
agonist UCNPs-S1PT/S2PT, respectively, every 3 days. All mice
were injected with αPD-L1 intraperitoneally on the day after
agonist administration. Both the intermittent STING agonist
treatment group and constant STING agonist treatment group
were irradiated with a low power 808 nm laser only on the day
of agonist administration for the first 6 days and were
irradiated with alternate low power or high power 808 nm laser
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every 24 h after each time agonist administration for the rest of
treatment period (Figure 4B). ELISA assays were performed to
investigate proinflammatory cytokines secretion in serum after
15 days of treatment. Compared with the saline-administered
mice group, both constant STING agonist UCNPs-S1PT/S2PT
and intermittent STING agonist NIR-DNAPT shutter admin-
istrated group demonstrated obvious enhancement for
cytokine secretion levels of IFN-β, IFN-γ, TNF-α, and IL-6
(Figure 4C). IFN-β and IL-6 were determined as the indicators
for STING activation; thus, higher secretion levels were
observed from the constant STING agonist-administered
group compared with the intermittent STING agonist-
administered group (Figure 4C, IFNβ, IL-6). TNF-α secretion
was stimulated by both STING activation and T cell activation,
thus demonstrating a similar level from both the constant
STING agonist-administered group and the intermittent
STING agonist-administered group (Figure 4C, TNFα).
IFNγ secretion was attributed to T cell activation but not
STING activation; therefore, the intermittent STING agonist-
administered group showed a higher level compared with the
constant STING agonist-administered group (Figure 4C,
IFNγ), indicating that the intermittent STING activation
mode benefited T cell activation. To further compare the
effects of intermittent STING agonist and constant STING
agonist on T cell activation, the tumors were collected from
three groups after treatment for immunoassays. Flow
cytometry analysis revealed an obvious increase in the
infiltration of CD4+ T cells and CD8+ T cells in tumors for
both the intermittent agonist-administered group and the
constant agonist-administered group compared with the saline-
administered group (Figure 4D, F). The proportion of CD4+ T
cells in CD45+ cells increased from ∼5.43% for the saline-
treated group to ∼8.70% for the constant STING agonist-
treated group and ∼9.42% for the intermittent agonist-treated
group (Figure 4F, CD4+ T cells, Figure S23). The proportion
of CD8+ T cells in CD45+ cells increased from ∼5.61% for the
saline-treated group to ∼ 12.61% for the constant STING
agonist-treated group and ∼19.18% for the intermittent
agonist-treated group (Figure 4D,F, CD8+ T cells). The ratio
of cytotoxic T cells to regulatory T cells was also evaluated,
which was ∼4.83 for the saline-treated group, ∼12.21 for the
constant-agonist-treated group, and ∼27.06 for the intermit-
tent-agonist-treated group (Figure 4E,F, CD8+ T cells/Treg
ratio). To further explore the enhanced efficiency of
intermittent STING agonist over constant STING agonist,
flow cytometry analysis was performed to quantify the
proportions of M2-like macrophages, myeloid-derived sup-
pressor cells (MDSCs), and exhausted T cells within the tumor
microenvironment (Figures 4G−I and S24). The proportion of
M2-like macrophages decreased from ∼30.64% for the saline-
treated group to ∼9.89% for the constant STING agonist-
treated group due to STING pathway activation directly
facilitating repolarization of M2-like macrophages toward an
M1-like phenotype,44,45 and ∼14.12% for the intermittent
agonist-treated group (Figures 4G and S24A). The proportion
of MDSCs decreased from ∼32.22% for the saline-treated
group to ∼22.38% for the constant STING agonist-treated
group and ∼11.78% for the intermittent agonist-treated group
(Figures 4H and S24B). The proportion of exhausted T cells
decreased from ∼28.98% for the saline-treated group to
∼12.06% for the constant STING agonist-treated group and
∼5.43% for the intermittent agonist-treated group (Figures 4I
and S24C). These results indicated that intermittent activation

has superior efficacy and stronger potential in regulating the
immunosuppressive microenvironment, which resulted in
enhanced antitumor immunity.
The tumor volume and body weight of mice from 3 groups

were measured every 2 days to evaluate antitumor efficacy. The
saline-administered group exhibited rapid tumor growth, and
both STING agonist-treated groups showed effective suppres-
sion of tumor growth. The constant STING agonist-treated
group and intermittent STING agonist-treated group did not
demonstrate obvious tumor size difference during the first 7
days of treatment since only low power 808 nm irradiations
were performed during this period. After 15 days of treatment,
the intermittent STING agonist-treated group showed superior
tumor growth inhibition with ∼70% reduction in tumor size,
and the constant STING agonist-treated group showed ∼35%
reduction in tumor size (Figure 4J,K). In addition, H&E and
TUNEL-stained images of mouse tumor slices demonstrated a
similar tendency with the most significant cell nuclei shrinkage
and visible apoptosis of tumor cells for intermittent STING
agonist-treated mice group (Figures 4L and S25). All mouse
groups did not show a significant change in body weight
(Figure S26) and obvious pathological abnormalities of major
organs during the experimental period (Figure S27),
confirming the excellent biosafety of the NIR-DNA shutter
and irradiation.
The therapeutic effects for different light power switching

internals of intermittent STING agonist were further explored
(Figure S28). 24h alternating irradiation regimen from the first
day exhibited compromised therapeutic outcomes due to
insufficient immune activation (Figure S28, Group 1). A
shorter interval regimen was set by irradiating the tumor with a
low power 808 nm laser for the first 6 days, followed by a 6 h
alternating power switching pattern for the rest of the
treatment period, which also showed diminished therapeutic
efficacy (Figure S28, Group 2) compared to the 24 h
alternating activation group (Figure S28, Group 3). This
may be due to the inefficient clearing of STING signaling with
a shortened termination period.

■ CONCLUSIONS
In summary, we developed a NIR-DNA shutter here as an
intermittent STING agonist to stimulate the STING pathway
in a repetitive “activation-rest” interval for enhancing
immunotherapy efficiency. The NIR-DNA shutter was
constructed by conjugating Azo-modified complementary
DNA strands to the UCNPs. Reversible assembly and
disassembly of dsDNA along the UCNPs surface were
manipulated by alternate low power and high power 808 nm
NIR irradiations, which induced trans- and cis-isomerization of
Azo, respectively. By switching the excitation power of 808 nm
light, the NIR-DNA shutter was reversibly converted between
“ON/OFF” states, therefore, programmed the cGAS-STING
pathway with “activation-rest” intervals. This strategy remod-
eled the immunosuppressive tumor microenvironment by
reducing the suppressive activity of regulatory T cells (Tregs)
and enhancing dendritic cell-mediated cross-priming of CD8+
cytotoxic T cells. Compared with constant STING activation
that may induce T cell exhaustion, this approach achieved
superior antitumor efficacy.

■ EXPERIMENTAL SECTION
Materials. The high-purity anhydrous rare-earth chloride reagents

used in this research were obtained from Sigma-Aldrich (USA),
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including thulium chloride (TmCl3) (99.9%), ytterbium chloride
(YbCl3) (99.9%), yttrium chloride (YCl3) (99.9%), and neodymium
chloride (NdCl3) (99.9%). Oleic acid (OA), 1-octadecene (ODE),
sodium hydroxide (NaOH), ammonium fluoride (NH4F), dichloro-
methane (DCM), and chloroform were purchased from Aladin Ltd.
(Shanghai, China). DSPE-mPEG2000 was purchased from ToYong
Biotech (Shanghai, China). Rabbit monoclonal antiphospho-IRF3
(Ser396) (D6O1M) and rabbit monoclonal antiphospho-TBK1/NAK
(Ser172) (D52C2) were purchased from Cell Signaling Technology,
Inc. (USA). TAK243 was purchased from MedChemExpress, Inc.
The protein extraction kit and Lyso-Tracker dye were obtained from
Beyotime Biotechnology (Shanghai, China). Enzyme-linked immu-
nosorbent assay (ELISA) was purchased from Elabscience Bio-
technology Co., Ltd. (Wuhan, China). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium Bromide Cell Proliferation and Cytotoxicity
Assay Kit (MTT) and 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethane-
sulfonic acid solution (HEPES) were purchased from Keygen Biotech
(Nanjing, China). All DNAs were synthesized and purified by Sangon
Biotech (Shanghai, China). The sequences for all DNA strands are
listed in Table S1.
Apparatus. The concentrations of nucleic acids were measured by

a NanoDrop 2000 UV−vis spectrophotometer. Polyacrylamide gel
electrophoresis analysis was conducted using a PowerPac basic
electrophoresis analyzer (Bio-Rad, USA). Atomic force microscopy
(AFM) imaging under ambient conditions employed tapping mode
with a Bruker Dimension Icon microscope. Fluorescence spectral
characterization utilized a FluoroMax-4 spectrophotometer (HORIBA
Scientific, Japan). Flow cytometry analysis was performed on a
CytoFlex S instrument (Beckman-Coulter, USA). Confocal micros-
copy images were acquired by using a Leica SP8 STED 3X system
(Germany). In vivo and ex vivo imaging of mice and harvested organs
was carried out on an IVIS Lumina XR III platform (PerkinElmer,
USA).
Synthesis of Core−Shell Upconversion Nanoparticles

(UCNPs) NaYF4:Tm,Yb,@NaYF4:Nd,Yb. Synthesis of UCNPs core
NaYF4:0.5%Tm3+,30%Yb3+: 0.695 mmol of YCl3, 0.300 mmol of
YbCl3, and 0.005 mmol of TmCl3 were mixed with 6 mL of oleic acid
and 15 mL of 1-octadecene, heated to 150 °C under vacuum, and
stirred for 40 min to remove residual water and oxygen completely.
After the mixture cooled to room temperature, 10 mL of a methanol
solution containing 148 mg of NH4F and 100 mg of NaOH was
added dropwise to the mixture under stirring over 30 min. Next, the
reaction mixture was heated under a nitrogen atmosphere, first at 110
°C for 15 min and then at 300 °C for 90 min. Subsequently, the
mixture was cooled naturally to room temperature. The as-obtained
UCNPs core NaYF4:Tm3+, Yb3+ was precipitated with acetone,
washed repeatedly with ethanol, and redispersed in 10 mL of
cyclohexane for later use.
Preparation of shell precursor NaYF4:10%Nd3+,10%Yb3+: 0.800

mmol of YCl3, 0.100 mmol of YbCl3, and 0.100 mmol of NdCl3 were
mixed with 6 mL of oleic acid and 15 mL of 1-octadecene, heated to
150 °C under vacuum, and stirred for 40 min to form a transparent
solution, which was then cooled to 40 °C. Then, 10 mL of methanol
solution containing 100 mg of NaOH and 148 mg of NH4F was
added and stirred for 0.5 h. The reaction mixture was then heated to
110 °C for 15 min to completely remove methanol and obtain the
shell precursor NaYF4:Nd3+, Yb3+.
Synthesis of core−shell UCNPs NaYF4:0.5%Tm3+,30%Yb3+@

NaYF4:10%Nd3+,10%Yb3+: Core−shell UCNPs were prepared by
using a one-pot successive layer-by-layer (SLBL) method. Added 10
mL of the above-obtained UCNPs core NaYF4: Tm, Yb to 3.0 mL of
oleic acid and 9.0 mL of 1-octadecene. The mixture was heated to 85
°C and kept for 30 min to remove cyclohexane, further heated to 300
°C under a nitrogen flow, and injected with the above-obtained
precursor NaYF4: Nd3+, Yb3+, and continuously kept at 300 °C for 30
min to facilitate shell growth. This shell coating process was repeated
three times to achieve the desired shell thickness. The as-obtained
core−shell UCNPs NaYF4,Tm,Yb @NaYF4,Nd,Yb were precipitated,
washed with acetone and ethanol, and redispersed in cyclohexane for
further use.

Photomodulated DNA Assembly/Disassembly. Photomodu-
lated DNA strand assembly and disassembly were verified via FRET.
S1Azo strand was modified with FAM at 3′ terminus (S1Azo/FAM), and
S2Azo was modified with TAMRA at 5′terminus (S2Azo/TAMRA). FAM
and TAMRA were placed in proximity to make a FRET signal when
S1Azo/FAM and S2Azo/TAMRA were assembled.
S1Azo/FAM and S2Azo/TAMRA were preirradiated by UV light to make

azobenzene in cis-isomerization, which was not favorable for DNA
hybridization. Ten μM of both DNA strands were mixed in PBS and
incubated at 37 °C for 30 min. For photoactivated DNA assembly, the
reaction solution was irradiated with 450 nm of Vis light (14 mW/
cm2) for 5 min and then incubated at 37 °C for 30 min. For
phototriggered disassembly, the above-treated solution was irradiated
with 365 nm UV light (6 mW/cm2) for 5 min and then incubated at
37 °C for 30 min. In this way, cyclic irradiation treatment was
performed, and the fluorescence intensities of FAM and TAMRA
were detected at 500−620 nm under 488 nm excitation, where 500−
540 nm was the emission spectrum of FAM, and 565−620 nm was
the emission spectrum of TAMRA.
Gel Electrophoresis Analysis. Ten microliters of S1 and S2 (10

μL) were mixed and incubated in PBS (10 mM, 5 mM MgCl2, and 50
mM NaCl) at 37 °C for 30 min for DNA assemblies. The as-obtained
products were verified through polyacrylamide gel electrophoresis. 8%
native polyacrylamide gel was prepared using 1× TBE buffer. The
samples were prepared by mixing 5 μL of DNA strands with 1 μL of
6× loading buffer. Polyacrylamide gel electrophoresis was run at 110
V for 50 min in 1× TBE buffer. The gels were stained with SYBR
Gold nucleic acid gel stain (Thermo Fisher Scientific, USA), and
scanned with a Molecular Imager Gel Doc XR.
Synthesis of the NIR-DNA Shutter (UCNPs-S1Azo/S2Azo) as an

Intermittent Agonist. Twenty-five mg of the above-obtained
UCNPs were dissolved in 5 mL of chloroform and mixed with 3
mL of chloroform solution containing 25 mg of DSPE-mPEG2000 in
a round-bottom flask. The chloroform was then removed by rotary
evaporation, and the resulting mixed film was then hydrated with 2-
[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid solution
(HEPES, pH ∼ 7.0, 10 mM, 5 mL) and vigorously sonicated to
fully disperse UCNPs in aqueous solution. The as-obtained aqueous
phase dispersible UCNPs were purified by centrifugation three times
at 18000 rpm for 30 min to remove excess DSPE-mPEG2000 and
filtered with a 0.22 μm filter to remove possible large aggregates to
obtain UCNPs-PEG.
Cho-S1Azo and cho-S2Azo were then anchored to the UCNPs-PEG

surface via hydrophobic interaction between cholesterol and DSPE to
prepare the NIR-DNA shutter (UCNPs-S1azo/S2azo) as an inter-
mittent agonist. 0.2 mg of the above-obtained UCNPs-PEG was
mixed with cho-S1azo (10 μL, 10 μM) and cho-S2azo (10 μL, 10 μM),
and stirred at room temperature for 10 min. Both DNA strands were
preirradiated with UV light before incubating with UCNPs, which
caused azobenzene to cis -isomerization that is unfavorable for DNA
hybridization. The resulting NIR-DNA shutters were centrifuged,
repeatedly washed with HEPES buffer (pH 7.4, containing 500 mM
NaCl), and dispersed in 1 mL of HEPES buffer.
NIR-Modulated Status Switch of the NIR-DNA Shutter. NIR-

modulated status switch of the NIR-DNA shutter was evaluated by
FRET. The Cho-S1Azo strand was modified with Cy3 at 3′ terminus
(cho-S1Azo/Cy3), and cho-S2Azo was modified with Cy5 at 5′ terminus
(cho-S2Azo/Cy5). Cy3 and Cy5 were placed in proximity to make a
FRET signal when the as-obtained NIR-DNA shutterCy3/Cy5 (UCNPs-
S1azo/Cy3/S2azo/Cy5) was switched on with S1Azo/Cy3 and S2Azo/Cy5
hybridized to the dsDNA chain.
One mg/mL of NIR-DNA shutterCy3/Cy5 was dispersed in HEPES,

pretreated with high power 808 nm light to make Azo in cis-
isomerization that unfavorable for DNA hybridization, and then
irradiated with a low power 808 nm laser (0.75 W cm−2) for 20 min
and then incubated at 37 °C for 30 min for dsDNA chain assembly on
UCNPs surface to switch NIR-DNA shutterCy3/Cy5 to “ON” status.
The as-treated NIR-DNA shutterCy3/Cy5 was subsequently irradiated
with a high power 808 nm laser (2.1 W cm−2) for 10 min and
incubated again at 37 °C for 30 min to switch NIR-DNA
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shutterCy3/Cy5 to “OFF” status. This cyclical irradiation and incubation
procedure was repeated. After each irradiation and incubation, the
Cy3 and Cy5 fluorescence intensities were measured at 570 and 670
nm under 540 nm excitation, where 570 nm corresponds to the
emission spectrum of Cy3 and 670 nm to the emission spectrum of
Cy5.
AFM Imaging. A 10-microliter solution of diluted assembled

products dsDNA strand was adsorbed onto a freshly cleaved mica
surface for 5 min, then rinsed 10 times with deionized water and dried
using a nitrogen flow. The samples were scanned in ScanAsyst Mode
with ScanAsyst-Air tips, which had a spring constant of 0.4 N/m, a
resolution of 256 pixels per line, and a scan rate of 2 Hz. The images
were captured and analyzed by using Bruker NanoScope Analysis 1.7
software.
Dissociation Constant Evaluation. The FAM-labeled S1Azo/FAM

was dissolved in Tris-HCl buffer (10 mM, 50 mM NaCl, and 1 mM
MgCl2, pH 7.4), with its final concentration fixed at 0.5 μM. The
TAMRA-labeled S2Azo/TAMRA was serially diluted in a concentration
gradient ranging from 0.01 nM to 0.5 μM. For the visible light-
irradiated group, after being irradiated with 450 nm Vis light (14
mW/cm2) for 5 min, the S1Azo/FAM solution was mixed with gradient
concentrations of S2Azo/TAMRA and incubated at 37 °C for 60 min to
ensure the binding reaction reached thermodynamic equilibrium. A
spectrofluorometer was employed with an excitation wavelength of
488 nm and an emission wavelength scanning range of 500−620 nm,
with the fluorescence intensity peak of TAMRA recorded at 580 nm.
The fluorescence signal at 0.5 μM S2Azo/TAMRA (saturation
concentration) was defined as the 100% bound state, while the signal
at 0 nM S2Azo/TAMRA was set as the 0% bound state. Normalized
fluorescence signals at intermediate concentrations were calculated
accordingly. Data were fitted to a single-site binding model using
nonlinear regression analysis: F = [S2Azo/TAMRA]/(Kd +
[S2Azo/TAMRA]), where [S2Azo/TAMRA] represents the concentration of
S2Azo/TAMRA. The UV-irradiated group was processed by following the
same procedures.
Surface Coverage Density of S1Azo/S2Azo on UCNPs. To verify

the successful modification of S1Azo/S2Azo to UCNPs-PEG,
fluorescent dye FAM labeled cho-S1Azo (cho-S1Azo/FAM) and cho-
S2Azo(cho-S2Azo/FAM) were reacted with UCNPs-PEG according to
the above-mentioned procedure. By measuring the FAM characteristic
emission at 520 nm for the as-obtained UCNPs-S1Azo/FAM/S2Azo/FAM
and comparing it with the DNA-FAM calibration curve, respectively,
the number of DNA strands per UCNP was quantified.
In Vitro Phase Separation Assay. The NIR-DNA shutter

(UCNPs-S1azo/S2azo) (1 mg/mL) was incubated with 0.1 μM FITC-
labeled cGAS protein in Tris-HCl buffer (20 mM, pH 7.5, 300 mM
NaCl, 20 μM Zn(CH3COO)2, 1 mg/mL BSA) at 37 °C. The
mixtures were irradiated with 808 nm lasers of varying powers for
different durations, incubated in test tubes, and then imaged using a
Leica TCS SP8 inverted confocal microscope (Leica, Germany).
Cell Culturing. RAW264.7 mouse mononuclear macrophages

were cultured in high-glucose DMEM medium with 10% FBS, 100
μg/mL penicillin, and 100 μg/mL streptomycin under 5% CO2 at 37
°C. Breast cancer 4T1 cells were cultured under the same conditions,
with the exception that RPMI-1640 medium was utilized instead of
DMEM.
Cellular Uptake Analysis. The RAW264.7 cells were seeded in

confocal dishes and cultured overnight, allowing them to reach 80−
90% confluence. Following this, the cells were transfected with Cy3-
labeled NIR-DNACy3 shutter in Opti-MEM medium, and incubated at
37 °C. After an 8-h incubation period, the cells were rinsed with PBS.
Cellular uptake was then assessed using confocal laser scanning
microscopy. LysoTracker Green was used for lysosome staining.
NIR-Modulated Intracellular Reversible Status Switch of

NIR-DNA Shutter. RAW264.7 cells were incubated with NIR-DNA
shutterCy3/Cy5 for 8 h at 37 °C. To switch NIR-DNA shutterCy3/Cy5 to
“ON” status, the cells were irradiated with low power 808 nm light
(0.75 W/cm2) for 20 min and then incubated for 30 min. To switch
NIR-DNA shutterCy3/Cy5 to “OFF” status, the above-treated cells were
irradiated with high power 808 nm light (2.1W/cm2) for 10 min and

then incubated for 30 min. Cyclic irradiation treatments were
performed in this manner. The as-treated cells were analyzed by
confocal imaging.
Intracellular Liquid Phase Condensation Imaging.

RAW264.7 cells (3 × 104) were seeded into a 4-chamber 35 mm
glass-bottom dish and incubated overnight. For transfection, 1 μg of
pEGFP-C3-cGAS plasmid was mixed with Lipofectamine 3000
transfection reagent in Opti-MEM, and the mixture was applied to
the cells at 37 °C. After 7 h, the transfection solution was removed,
and the cells were washed three times with PBS. The culture medium
was replaced with DMEM (containing 10% FBS) for an additional 20
h of incubation. Next, 200 μg/mL of NIR-DNA shutterCy5 was added
to the medium. Following an 8 h incubation, the cells were exposed to
a low power 808 nm laser (0.75 W/cm2) for 20 min and incubated at
37 °C for 4 h. Subsequently, the cells were irradiated with a high
power 808 nm laser (2.1W/cm2) for 10 min and incubated at 37 °C
for another 4 h. The treated cells were then analyzed using a confocal
microscope.
Cell Viability Assay. The viability of RAW264.7 cells with

different treatments was evaluated through an MTT assay. Briefly, at
24h post NIR-DNA shutter incubation and light irradiation, the
culture medium was supplemented with 0.5 mg/mL MTT solution.
After another culture at 37 °C for 4 h and the supernatant was
carefully removed, followed by the addition of DMSO to dissolve the
formazan crystals, and the absorbance at 490 nm was measured. Data
was processed according to the manufacturer’s instructions and
further normalized to the control group.
Cytokine Evaluation. After incubating RAW264.7 cells with

NIR-DNA shutter for 8 h, they were alternatively exposed to low
power 808 nm laser (0.75 W/cm2) and high power 808 nm laser
(2.1W/cm2), and continuously incubated for another 20 h after each
time light exposure. The culture medium of RAW264.7 cells was then
collected and centrifuged at 14,000 g for 10 min at 4 °C. Levels of
IFN-β in the supernatants were measured by mouse IFN-β ELISA Kit
according to the manufacturer’s instructions.
Western Blot Analysis. Western blot analysis was used to detect

the phosphorylation of IRF3 and TBK1. RAW264.7 cells, after being
treated with NIR-DNA shutter and exposed to low power 808 nm
laser (0.75 W/cm2) and high power 808 nm laser (2.1W/cm2),
respectively, were harvested and lysed on ice using RIPA buffer at 20
h postirradiation, which was supplemented with a cocktail of protease
and phosphatase inhibitors. The time interval between the first and
second irradiation was 20 h. The samples, after being lysed with RIPA
buffer, were centrifuged at 14,000 g for 10 min at 4 °C. The resulting
supernatants were mixed with loading buffer and then heated at 95 °C
for 10 min to denature the proteins. Subsequently, the denatured
samples were loaded onto 12% SDS-PAGE gels for separation, and
the proteins were transferred onto PVDF membranes for further
analysis. Membranes were first blocked with 5% BSA in Tris-buffered
saline containing 0.1% Tween 20 (TBST) for 1 h at room
temperature. Following this, the membranes were incubated overnight
at 4 °C with the specific primary antibodies: rabbit monoclonal
antiphospho-IRF3 (Ser396) (D6O1M), rabbit monoclonal antiphos-
pho-TBK1/NAK (Ser172) (D52C2), and rabbit polyclonal anti-
GAPDH, all in TBST. The membranes were washed multiple times
with TBST and then incubated with a goat antirabbit HRP-
conjugated secondary antibody for 1 h at room temperature. After
several additional washes with TBST, the membranes were developed
and visualized using a ChemiDoc XRS+ imaging system (BioRad).
In Vivo Antitumor Evaluation. All animal experiments were

carried out in accordance with the NIH guidelines for the care and
use of laboratory animals (NIH Publication No. 85−23 Rev. 1985)
and received approval from the Jiangsu Administration of
Experimental Animals, under approval number IACUC-2408002.
Phosphorothioate-modified DNA strands S1Azo/PT and S2Azo/PT

were used for in vivo experiments to guarantee the in vivo stability
of DNA strands. 4T1 cells (2 × 106 each) were subcutaneously
injected into BALB/c mice. Once the average tumor volume grown to
around 60 mm3, the tumor-bearing mice were divided into three
groups, intratumorally injected with 200 μL of (1) saline, (2) constant
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STING agonist UCNPs-S1PT/S2PT (2 mg/mL), (3) intermittent
STING agonist NIR-DNAPT shutter (UCNPs-S1Azo/PT/S2Azo/PT) (2
mg/mL), followed by intraperitoneal injection of anti-PDL1 antibody
(αPDL1) for all groups on the next day. Agonists were administered
to groups (2) and (3) on the first, fourth, seventh, 10th, and 13th day
of treatment. After the first day and fourth day administrations, groups
(2) and (3) mice were irradiated with a low power 808 nm laser (0.75
W/cm2) for 20 min. After seventh, 10th, 13th day of treatments,
group (2) and (3) mice were treated with 20 min of low power 808
nm laser (0.75 W/cm2) irradiation, followed by 10 min of high power
808 nm laser (2.1 W/cm2) irradiation after 24 h and 20 min of low
power 808 nm laser (0.75 W/cm2) irradiation again after 48 h. The
body weight and tumor size of the mice were assessed bidaily. Tumor
volume was determined using the following formula: Volume = width2
× length × 1/2. After 15 days of treatments, the mice were
euthanized, and their organs (heart, liver, spleen, lungs, and kidneys),
along with the tumors, were harvested and fixed in 4% PFA. For
histological analysis, the organs and tumors were embedded in
paraffin and subjected to H&E staining, followed by visualization
under a microscope.
NIR-Modulated Reversible In Vivo Status Switch of the NIR-

DNA Shutter. Cho-S1Azo/PT strand was modified with Cy5 at 3′
terminus (S1Azo/PT/Cy5), and the cho-S2Azo/PT strand was modified
with BHQ3 at 5′ terminus (S2Azo/PT/BHQ3). NIR-DNAPT/Cy5/BHQ3
shutter (UCNP-S1Azo/PT/Cy5/S2Azo/PT/BHQ3) was prepared with cho-
S1Azo/PT/Cy5 and cho-S2Azo/PT/BHQ3. Cy5 and BHQ3 were placed in
proximity to quench Cy5 fluorescence upon dsDNA assembly and
recover Cy5 fluorescently upon dsDNA disassembly. Following
intratumoral administration of NIR-DNAPT/Cy5/BHQ3 shutter, sequen-
tial laser irradiation protocols were implemented: a low power 808 nm
laser was first applied, followed by a high power 808 nm laser after a
2-h interval. In vivo fluorescence imaging was performed at 1 h
postinjection and subsequently after each irradiation session using the
IVIS Lumina XR III in vivo imaging system (PerkinElmer, USA).
Tumor Immune Microenvironment Evaluation. For immune

cell activity assessment in the local tumor environment, mice were
euthanized after different treatments to collect blood and tumor
tissue. IFN-β, IFN-γ, IL-6, and TNF-α levels in mouse serum were
measured by ELISA kits.
For flow cytometry analysis, tumors were dissected, minced, and

digested with the dissociation buffer containing 1 mg/mL Collagenase
I, 0.5 mg/mL DNase I, and 0.5 mg/mL Hyaluronidase at 37 °C for 40
min. Then, the suspension was filtered, centrifuged, and treated with
red blood cell lysis buffer. Subsequently, the single-cell suspensions
were stained with Fixable Viability Stain 450 and blocked with α-
CD16/32 for 15 min on ice. The cells were then stained with
fluorescent-labeled antibodies including CD45-FITC, CD3-PerCP/
Cy5.5, CD4-Alexa Fluor 700, CD8-PE/Cy7, CD25-APC, CD11b-
Alexa Fluor 700, Gr-1-PE, F4/80-PE, and CD206-APC. For Foxp3
staining, cells were processed using the eBioscience Foxp3 staining
buffer set (Thermo Fisher, 00−5523−00) according to the
manufacturer’s instructions, followed by staining with Foxp3-PE
antibody (Thermo Fisher, 12-4771-82, 1:100). Different cell
population was defined as CD8+ T cells: CD45+ CD3+ CD8+;
CD4+ T cells: CD45+ CD3+ CD4+; Treg: CD45+ CD3+ CD4+ CD25+
Foxp3+; exhausted T cells: CD45+ CD3+ CD8+ PD-1+ TIM-3+; M2-
like macrophages: CD45+ CD11b+ F4/80+ CD206+; MDSCs: CD45+
CD11b+ Gr-1+. Gating strategies are presented in Figures S30 and
S31.
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