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Harnessing Hypoxia-Dependent Cyanine Photocages for In Vivo

Precision Drug Release

Yutao Zhang, Chenxu Yan, Qiaoqgiao Zheng, Qian Jia, Zhongliang Wang, Ping Shi, and

Zhigian Guo*

Abstract: Photocaging holds promise for the precise manip-
ulation of biological events in space and time. However, current
near-infrared (NIR) photocages are oxygen-dependent for
their photolysis and lack of timely feedback regulation, which
has proven to be the major bottleneck for targeted therapy.
Herein, we present a hypoxia-dependent photo-activation
mechanism of dialkylamine-substituted cyanine (Cy-NH)
accompanied by emissive fragments generation, which was
validated with retrosynthesis and spectral analysis. For the first
time, we have realized the orthogonal manipulation of this
hypoxia-dependent photocaging and dual-modal optical sig-
nals in living cells and tumor-bearing mice, making a break-
through in the direct spatiotemporal control and in vivo
feedback regulation. This unique photoactivation mechanism
overcomes the limitation of hypoxia, which allows site-specific
remote control for targeted therapy, and expands the photo-
trigger toolbox for on-demand drug release, especially in
a physiological context with dual-mode optical imaging under
hypoxia.

Introduction

Light-mediated techniques with noninvasive nature and
remote control have become a revolutionary tool in chemical
biology.['! Photocages that convert light into chemical energy
to manipulate bioactive molecules allows finely spatiotem-
poral control.’”! Due to the unique tissue-transparent charac-
teristic and low phototoxicity, near-infrared (NIR) photons
have attracted immense attention for the design of such
photocages.’! However, the low energy of NIR-photons
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makes it difficult to directly achieve efficient bond cleavage
in the context of living tissue.! Current NIR light-mediated
cages mainly focus on the formation of singlet oxygen (‘O,),
via oxidizing of electron-rich olefins, resulting in bond-
cleavage to restore bioactive molecules.”) Here the major
bottleneck of NIR photocages is that their photolysis reliance
on O, consumption while hypoxia is ubiquitously aberrant at
tumor.l) Another challenge in caging design is difficult to
simultaneously acquire in vivo feedback information for
precise control in space and time. Hence, under hypoxia, it is
an urgent conundrum to design such high-performance NIR
photocages for specific targeting therapy.

Cyanine is a well-known NIR chromophore with high
molar extinction coefficient and excellent biocompatibility.”!
However, its conjugated polymethine skeleton is inherently
prone to light-dependent decomposition.! In this regard,
converting the liability of cyanine bleaching for regulating
photo-reactivity might be a novel and feasible strategy to
engineer the NIR photocages. Regrettably, the reported
cyanine-based photocages are all O,-dependent consumption,
which ascribes to the 'O,-mediated cleavage of polyenes.”!
For instance, as a cage scaffold, heptamethine cyanines were
all studied under sufficient O, supplement (Figure 1), and
meanwhile their on-off fluorescence response mode made it
difficult to achieve timely feedback, thereby limited their
biological applicability. Aiming at these issues, the discovery
of hypoxia-dependent photoactivation that reverses O, con-
sumption could conquer the limitation of tumor hypoxia, thus
perform precisely spatiotemporal light-mediated therapy.

Herein, we describe a unique cyanine-based photocage
under hypoxia, in which its photolysis simultaneously produ-
ces dual-channel fluorescence and photoacoustic signals to
permit finely manipulation in space and time. The hypoxia-
dependent cage platform is firstly validated through retro-
synthetic dialkylamine-substituted cyanine (Cy-NH), which
undergoes retro-aldol, hydrolysis reaction to form a unique
fragment under NIR light (> 650 nm) irradiation (Figure 1).
Subsequently, the feasibility of cyanine-based photocages for
targeted therapy is demonstrated via an elaborated P(Cy-N-
CPT), which is sequence-activated by tumor acidic pH and
light irradiation under hypoxia. In P(Cy-N-CPT), diblock
copolymer containing ionizable tertiary amine renders ultra-
sensitive pH response for improved tumor-targeting, while
the programmable Cy-NH photoactivation leads to dual-
channel fluorescence and photoacoustic signals (PA).

This hypoxia-dependent P(Cy-N-CPT) is proven to be
a highly successful one for site-specifically photorelease in
living cells and mice. In fact, this uncaging strategy and dual-
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Figure 1. A) The reported photoactivation mechanism of cyanine is via 'O,-mediated oxidative photocleavage of polyenes, and reliance on O,-
dependent consumption.”! B) Competitive photoactivation pathways dependent on oxygen concentration. With the light irradiation under hypoxia,
free radicals are possibly generated from Cy-NH, then result in the cleavage of Cy-NH, and concurrently produce dual-channel fluorescence
output, thereby allowing precise NIR light-mediated therapy. Note: In Path 2, the photo-induced electron transfer (PeT) process occurs from the
amino group to the methine chain of Cy-NH under hypoxia. The reference Cy-C without a secondary amine group further demonstrated that the
amino group as electron donor plays the key role for the PeT process. This proposed radical-mediated photolysis is consistent with the reported
cyanines."1 Finally, with the help of water as a reactant, the photolysis fragments H-Cy are obtained.

modal (dual-channel fluorescence and PA) output are opti-
cally orthogonal: the former allows for directly spatiotempo-
ral control, and the latter permits real-time observation and in
vivo feedback regulation. In detail, PA from the initial
compact micelle of P(Cy-N-CPT) is utilized for in vivo
tracking its biodistribution. When accumulated in acidic
tumor, P(Cy-N-CPT) becomes into dissociated state with
remarkable NIR fluorescence. Subsequently, under hypoxic
tumor, NIR light-initiated photolysis leads to dual-channel
fluorescence for monitoring drug release without blind spot.
This discovery of hypoxia-dependent NIR photocage, com-
bined with dual-modal optical signals, could open up a new
route toward orthogonal remote control through time and
dose of light, allowing site-specifically manipulation for in
vivo targeting therapy.

Results and Discussion

Hypoxia-Dependent Photolysis of N-Substituted Heptamethine
Cyanine

The defining feature of cyanines is an odd-carbon polyene
linker with two nitrogen-containing heterocycles, but it is
susceptible to photocleavage of the polyene chain. Indeed,
under normoxia, the 'O,- mediated photooxidation that
derives from heptamethine cyanine photolysis are well
studied. Clearly, this photooxidation of Cy-NH is O, con-
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sumption through the formation of dioxetane (Figure 1).
However, we serendipitously observed and discovered that
even under hypoxia, the photolysis of Cy-NH remains
efficiency by a convenient 670 nm (£ 10 nm) laser source
(10 mWcm ™).

Seeking insights for this photolysis of heptamethine
cyanine under hypoxia, we carried out a set of mechanism
experiments (Figure 2). First of all, high-resolution electro-
spray ionization mass spectrometry (ESI-HRMS, Figure 2 A)
was employed to reveal the photolysis fragmentation of Cy-
NH under hypoxic condition by a convenient laser source.
Notably, it was found that the peak at m/z 718.43 (corre-
sponding to [Cy-NH ™+ H"]) and 400.23 (corresponding to
[H-Cy + H"]) could identify the possible radical-based photo-
activation. In detail, the peak at m/z 718.43 could be ascribed
to the reaction of between Cy-NH ™ and H;O" under NIR-
light irradiation. It seems that the photo-induced electron
transfer (PeT) process from an amino group to the Cy-NH
triplet is very likely occurred,'” then the exchange of “H”
occurred through a polar process.'!! The elaborated Cy-C as
a reference further confirmed the key role of an amine group
for the PeT process (Figure S1), and thereby leading to the
photolysis of Cy-NH under hypoxia. In the meantime, the
peak at m/z 400.23 could be attributed to H-Cy as the
photolysis fragmentation (Figure 2 A), which is clearly differ-
ent from the 'O,-mediated photolysis fragmentation at the
peak of m/z 440.22 (Figure S2). All these results provided
strong evidences that the hypoxia-dependent photolysis of

Angew. Chem. Int. Ed. 2021, 60, 9553 — 9561


http://www.angewandte.org

GDCh
~~

(A)
1007

38 (0.425) Cm (37:60)

480.2870

/ 70
410.2569

=] N
1] 481.3083 C
o
(H-Cy) 580.3546
337.2495 4002273

411.2645 581.3597 m

359.7323
1482.3144
‘ 598. |3662

Research Articles

=
(Cy-NH+H")

(Cy-NH)

Internati

1: TOF MS ES+
718.4282 2.05e5

fragments of Cy-NH. Clearly, the retention
time of the light-initiated fragment of Cy-NH
under hypoxia was observed at 8.30 min,
which is the same as that of H-Cy (Figure 2E
and Figure S10-S13). Meanwhile, the absorp-
tion spectra mapped by the diode array
detector are completely matched (Figure S12
and S13). It was convinced that the light-
initiated fragment of Cy-NH under hypoxia is
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Figure 2. A) ESI-HRMS spectra of Cy-NH after NIR-light irradiation; spectral profiles of
Cy-NH (10 uM) were carried out with a 670 nm (10 nm) laser source (10 mWcm ™)
under B,C) hypoxia or D) normoxia in aqueous solution. E) HPLC traces of Cy-NH and H-
Cy in air and N,. F) Excitation and emission spectra of H-Cy and the NIR light-initiated

fragments of Cy-NH under hypoxia.

Cy-NH occurs (Figure 1B and Figure S3-S4), that is, free
radicals are generated from Cy-NH under NIR light irradi-
ation, and thereby with the help of water as a reactant the
photolysis fragments of H-Cy are obtained under hypoxia.

To further verify this proposed radical-mediated photo-
activation under hypoxia, the retrosynthetic analysis of
photolysis was carried out (Figure S5) and the synthetic route
of H-Cy was elaborately depicted in Scheme S2. Luckily, we
successfully obtained the synthesized H-Cy (Figure S6-S8).
Subsequently, the spectra of H-Cy and the photolysis frag-
ments of Cy-NH were analyzed. Specifically, the spectra of
Cy-NH were recorded under normoxia or hypoxia with NIR-
light irradiation, respectively. As shown in Figure 2 B, under
hypoxia, the NIR absorbance of Cy-NH at ca. 740 nm
decreased in aqueous solution, while a concomitant new
broad absorption peak appeared. Notably, the photolysis of
Cy-NH under hypoxia showed a new strong emission with
a tailed long-wavelength band (Figure 2 C). In contrast, under
normoxic with the same NIR light irradiation, there was
observed similar absorption spectral change but non-fluores-
cence (Figure 2D and Figure S9). It was indicated that the
photolysis fragmentation of Cy-NH under hypoxia is obvi-
ously distinct from that of under normoxia via well-defined
'0,-mediated photoactivation.

To validate that H-Cy are completely the same as that of
the hypoxic photolysis of Cy-NH, we employed high-perfor-
mance liquid chromatography (HPLC) to trace the photolysis
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60 70  photoactivation, we reasoned that Cy-NH
could be a promising NIR light-initiated cage
scaffold for optically orthogonal manipulation
of fluorescence and photoacoustic (PA) sig-
nals. The sequence-activated photocage P(Cy-
N-CPT) was elaborately designed (Figure 3),
which is composed of an ionizable tertiary
amine-containing diblock copolymer as ultra
pH-sensitive unit to small pH differences between acidic
tumor cells and blood, and is covalently bonded with
a fluorescent Cy-NH cage for dual-modal optical signals.

We, therefore, performed light-initiated activation in
aqueous solution to examine the feasibility of dual-modal
optical signals. Firstly, the low critical micelle concentration of
P(Cy-N-CPT) at 1.06 uygmL " indicated its initial formation of
compact nanoparticles in aqueous solution (Figure 4 A). The
results of transmission electron microscopy (TEM) and
dynamic light scattering (DLS) confirmed that P(Cy-N-
CPT) forms compact and uniform nanoparticles with a hy-
drated particle size of about 60 nm (Figure 4B,C). Interest-
ingly, when the hydrophobic block is protonated, the original
compact micelle becomes disassemble (Figure 4D). Concur-
rently, the PA properties of P(Cy-N-CPT) towards concen-
tration and assembled or disassembled micelles were inves-
tigated. Notably, the PA signals were plotted in a normalized
phantom mold at various concentrations of P(Cy-N-CPT)
(Figure 4E,F). The PA intensities at 720 nm indicated the
superior PA properties of P(Cy-N-CPT) in the prosthesis
(Figure 4 G). Notably, there was a good linear relationship
between the concentration and the mean PA signal (R*=
0.986 and R*=0.987) (Figure S15). Thus, this intrinsic photo-
acoustic signal of P(Cy-N-CPT) could be utilized to real-time
monitor its bio-distribution.

Next, we focused on whether P(Cy-N-CPT) could sense
a subtle pH difference between the acidic endocytic organ-
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Figure 3. A) Schematic illustration of photocage with dual-modal PA and dual-channel fluorescence output. B) Schematic diagram of NIR light-
initiated tumor-targeted precision drug release. At normal tissue with neutral pH, the photocage self-assembles as a compact micelle, with
significant PA signal and non-fluorescence at 810 nm. At acidic tumor under hypoxia, the initial compact micelle dissociates with a dramatically
increased fluorescence signal at 810 nm (FL channel 1). Subsequently, NIR light-initiated dual-channel fluorescence (a remarkable shift from 810

to 530 nm, FL channel 2) combined with PA signals occurs for tracking site-specifically activation of camptothecin (CPT) release.
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Figure 4. A) Critical micelle concentration (CMC) of P(Cy-N-CPT) at 37°C. B) Size distribution of P(Cy-N-CPT). TEM images of P(Cy-N-CPT) in
C) neutral or D) acid PBS solution (Scale bar=100 nm). Photoacoustic spectra of P(Cy-N-CPT) in the normalized phantom mold at E) pH 5.8 and
F) 7.4 PBS solution. G) Photoacoustic images at 720 nm of P(Cy-N-CPT) as a function of the concentration in the normalized phantom mold.

elles of cancer cells (5.0-6.0) and blood (7.4). As shown in
Figure 5A, P(Cy-N-CPT) displayed a sharp pH transition
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(pK,=6.0, ApHgonorr=0.3). At pH7.4, P(Cy-N-CPT)
formed compact self-assembled micelles, which completely
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Figure 5. A) Fluorescence intensity as a function of pH alteration. P(Cy-N-CPT) keeps silent at high pH (7.4, 100 mM PBS buffer). At pH values
below its pK, transition (pH 6.0), P(Cy-N-CPT) is activated as a result of micelle dissociation. The pH response is extremely sharp

(ApHonjorr =0.3). B) Emission spectra (A, =720 nm) with various pH values (from 6.2 to 5.9). C) Reversibility study of P(Cy-N-CPT) toward pH
at 37°C. D) Stability study of P(Cy-N-CPT) in PBS and fetal bovine serum (FBS) over 48 h at 37°C. Spectral characterization of P(Cy-N-CPT) at
pH 5.9 in PBS buffer under hypoxia upon light irradiation (670-£10 nm, 20 mWcm™?) E) absorption and emission spectra at F) A, =720 nm and
G) A,=480 nm. H) Time-dependence of fluorescence changes at 810 and 530 nm. Fluorescence responses P(Cy-N-CPT) toward various amino
acids, enzymes and serum potential markers in PBS buffer (pH 7.4) at 37°C: 1) 1., =810 nm and ) A.,, =535 nm, including blank, glycine, L-
glutamine, L-arginine, isoleucine, threonine, histidine, lysozyme, pepsin, SNA, tyrosinase, GSH, cysteine, AP, glucose, BSA, MgSQO,, NaCl, GGT,

CaCl, H" (pH 5.9), H" +light (pH 5.9); each concentration is 50 pM.

silences the emission at 810 nm of Cy-N-CPT unit (Fig-
ure 5B). The phenomenon of the fluorescence “OFF” state
resulting from the compact micelles could be further con-
firmed by the typical ACQ (aggregation-caused quenching)
effect (Figure S16). In contrast, when the pH was decreased to
5.9, the original compact micelle was quickly disassembled,
thereby leading to a dramatic light-up emission at 810 nm
(Figure 5A,B). P(Cy-N-CPT) exhibited reversible pH-in-
duced micelle transition with excellent sensitivity (Fig-
ure 5C), which is consistent with the TEM imaging results.
Notably, the initial formed compact nanoparticles of P(Cy-N-
CPT) kept stable for a long time in serum and neutral medium
(Figure 5D), thereby protecting this photocage before photo-
activation in heterogenous biological environment.

We subsequently performed light-initiated photolysis to
validate dual-channel fluorescence output (a remarkable shift
from 810 to 530 nm). As expected, upon NIR light irradiation
with a convenient laser source, P(Cy-N-CPT) (at pH 5.9,
below the transition) exhibited a remarkable shift change in
absorption spectra, along with color change from blue to red
in aqueous solution. As shown in Figure SE, the absorption
peak of P(Cy-N-CPT) at 720 nm was decreased and concom-
itantly a new broad absorption band was observed. Mean-
while, the emission spectra of P(Cy-N-CPT) underwent
remarkable changes: the original NIR fluorescence at
810 nm (4., =720 nm) was gradually disappeared, and a new

Angew. Chem. Int. Ed. 2021, 60, 9553 — 9561
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broad emission appeared and sharply increased (Fig-
ure 5F,G). It took about 180 min to reach the equilibrium of
the NIR light-triggered photolysis (Figure SH). Moreover,
the interference analysis revealed that P(Cy-N-CPT) shows
excellent selectivity over other biological analytes including
amino acids, and proteins (Figure SI,J). This dual-channel
fluorescence output of P(Cy-N-CPT) allows for real-time
monitoring of the NIR light-initiated release through time
and dose of light without blind spot.

Clearly, the aforementioned light-initiated dual-mode
optical signals (PA and dual-channel fluorescence output)
could achieve precisely orthogonal manipulation in space and
time for targeted therapy (Figure 3). In detail, the significant
PA signal shows only slight changes during the micellar
dissociation, thus tracking the delivery and biodistribution of
P(Cy-N-CPT). Concurrently, the dramatic light-up fluores-
cence at 810 nm accurately guides for in vivo uncaging, and
subsequently a remarkable shift from 810 to 600 nm (tailed
emission) timely monitors this photolysis and camptothecin
(CPT) release. Meanwhile, as feedback information, the NIR
light-triggered fluorescence signal at 600 nm can regulate the
external light dose (Figure 3B). The hypoxia-dependent
photolysis and dual-modal optical output are orthogonal,
enabling NIR light-initiated irradiation to precisely manipu-
late where, when and how the intact and active drugs are
delivered.
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Tracking NIR Light-Initiated In Vivo Behavior in Living Cells with
Dual-Channel Fluorescence

We next investigated the feasibility of this light-initiated
photocage for real-time tracking of cellular uptake and
precise drug release for further biological application. A549
(Human adenocarcinoma cell) and HepG2 cells (Human
hepatoma cell) were selected as cell models. Owing to the
ultra-sensitive pH response, it is expected that P(Cy-N-CPT)
keeps non-fluorescence in normal tissue, while specifically
senses acidic tumor with light-up fluorescence. To gain insight
into the light-mediated behavior, the intracellular photolysis
of P(Cy-N-CPT) was intuitively observed by confocal laser
microscopy. As shown in Figure 6, upon incubation P(Cy-N-
CPT) with A549 and HepG?2 cells, a ca. 20-fold enhancement
of NIR emission at 810 nm was observed (Figure 6 A,C and
Figure S17). Notably, without washing process, the sharp
enhancement fluorescence demonstrated that P(Cy-N-CPT)
could accurately identify the acid endocytic organelles of
tumor cells. Meanwhile, there was observed only one-channel
NIR fluorescence without light irradiation, indicating that this
photocage remains intact and non-specific cleavage during
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Figure 6. In vitro analysis of P(Cy-N-CPT) in A549 and HepG2 (cancer
cells) with and without light irradiation (670410 nm, 20 mWcm™?).
Confocal microscopy images of cells incubated with P(Cy-N-CPT)

(10 uM) for 2 h: A,C) without light irradiation (—); B,D) under light
irradiation (+). The images were collected (A1, B1, C1 and D1) at the
red channel (780+20 nm, A,,=633 nm) and (A2, B2, C2 and D2) at
the green channel (53520 nm, 4., =488 nm). E,F) Light-dependent
cytotoxicity of P(Cy-N-CPT) in cell lines.
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cellular uptake. In contrast, upon 670 nm light irradiation,
a sharply decreased NIR fluorescence at 810 nm was found,
and concomitantly a new enhanced emission at 535 nm was
observed. Clearly, this dual-channel fluorescence output
monitored the behaviors of the quick uptake and specific
activation in a light-initiated manner (Figure 6B,D). These
cell imaging results suggested that P(Cy-N-CPT) could be
visualized to effectively sense the acidic endocytosis of tumor
cells and then specific light-triggered release with dual-
channel fluorescence changes.

To evaluate the light-dependent cytotoxicity, cell viability
experiments of P(Cy-N-CPT) and its monomer Cy-N-CPT
towards cancer cells (A549 and HepG2) were performed by
MTT assay. In the absence of NIR light irradiation, P(Cy-N-
CPT) and its monomer Cy-N-CPT exhibited negligible
cytotoxic effects on cancer cells at the studied concentrations
(0-10 uM), indicative of their good biocompatibility. After
the external NIR light irradiation, P(Cy-N-CPT) showed
significant cytotoxicity even at low concentrations (Fig-
ure 6 EF). Obviously, external light initiation is a key factor
for the cytotoxicity of P(Cy-N-CPT) with the release of active
CPT but no preference for the cell type. All these results
clearly indicate that P(Cy-N-CPT) is solely light-dependent
cytotoxicity in living cells. As a consequence, through the
orthogonal time and dosage of light irradiation, the cellular
behavior of P(Cy-N-CPT) becomes observable with the aid of
dual-channel fluorescence, from effectively targeting tumor
cells to specifically light-initiated drug release.

Mapping the Biodistribution via Photoacoustic Signals

Photoacoustic imaging is a powerful imaging modality
capable of scalable spatial resolution and centimeter pene-
tration.'’” When designing PA probe, it is essential for the
chromophore featuring three key characteristics of NIR
absorbance, large extinction coefficient and low fluorescence
quantum.™! In this cyanine-based photocage, P(Cy-N-CPT)
initially forms compact micelles under natural physiological
condition, thus leading to completely fluorescence quenching,
while it still has a NIR absorbance with large extinction
coefficient. Thus, these characteristics of P(Cy-N-CPT) make
it as a perfect candidate to achieve significant photoacoustic
signals, then for tracking in vivo biodistribution.

The high-resolution photoacoustic images of P(Cy-N-
CPT) were recorded in a time-dependent method after
intravenous injection with A549 xenograft tumor-bearing
mice. As shown in Figure 7 (top), before intravenous injec-
tion, the tumor site exhibited initial weak PA signals at
720 nm on account of the intrinsic background signal. Where-
as, at 24 h post-injection of P(Cy-N-CPT), the PA signal
within the tumor showed a dramatic increment and reached
up to a maximum, suggestive of the effective tumor-targeted
accumulation (Figure 7 top and Figure S18). Furthermore, the
3D images of the tumor region provided solid evidence that
P(Cy-N-CPT) passively permeated into the deep tumor
(Figure 7, bottom). In contrast, other organs (such as spleen
and intestine) displayed very weak photoacoustic signal.
Obviously, the PA signals of P(Cy-N-CPT) could track it in
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Figure 7. In vivo photoacoustic images of tumor tissue (white ellipse)
at different times (top) and the 3D-images (bottom) at 24 h after the
intravenous injection of P(Cy-N-CPT) (CPT-equivalent dose of

0.1 mgkg™', A,,=720 nm). The white arrow indicates the tumor site.

Note: In vivo mouse imaging experiments were repeated three times
(n=13).

vivo distribution and then visualize the location, shape, and
size of solid tumors for accurately guiding NIR-light irradi-
ation.

Harnessing Dual-Mode Optical Signals for Precision Drug
Release in Space and Time

We next validate the orthogonal application of this
hypoxia-dependent photocaging and dual-modal optical out-
put, precisely in vivo manipulating where, when and how the
intact and active drugs are delivered in living mice. In P(Cy-
N-CPT), the ultra-sensitive pH-induced activation under
acidic tumor and remarkable shift from dual-channel emis-
sion response made it perfect to real-time guide NIR-light
stimulus and track the CPT release. In detail, the yellow-hot
channel (emission at 810 nm) represents the disassemble of
P(Cy-N-CPT) and the rainbow channel (emission at 600 nm)
monitors light-triggered active drug release. After the intra-
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venous injection of AS549 xenograft tumor-bearing mice,
a specific tumor-targeted accumulation of P(Cy-N-CPT) was
visualized (Figure 8 A,B). Consistently, the ex vivo imaging of
the excised tumors further confirmed a high accumulation
and then acidic activation with NIR light irradiation at tumor
site (Figure 8C,D, and Figure S19, S20). Accordingly, there
was much weaker fluorescence in the liver and almost no
fluorescence in the other organs (heart, liver, spleen, lung,
and kidney). The excellent tumor-targeting ability could be
attributed to the synergistic effects of P(Cy-N-CPT): passive
targeting from the EPR effect and activatable targeting
(ultra-sensitive and reversible pH response). Notably, as
a control of H' inhibition, NaHCO; solution was intra-
tumorally injected before P(Cy-N-CPT) administration. In-
deed, there was almost no fluorescence signal in the NaHCO;
pre-treated group (Figure S21). All these results suggested
that P(Cy-N-CPT) possesses striking characteristics of tumor-
targeting, and then its self-assembly dissociation generates
significant NIR signals, thereby allowing the guidance of light
irradiation at the right site.

According to the in vivo imaging results without NIR light
irradiation, the accumulation of fluorescence signals at the
tumor site is time-dependent increased up to a maximum at
24 h (Figure 8 A), which is consistent with the PAI results.
Then, at the optimal time for in vivo photoactivation, we
evaluated the light-initiated efficiency of P(Cy-N-CPT) at
24 h and the right position (timely fluorescence feedback on
810 nm). As shown in Figure 8E,F, under in vivo NIR-light
(670 nm) irradiation, the emission signal at 810 nm decreased
(yellow-hot channel), and concurrently new emission signal at
600 nm occurred (rainbow channel), confirming the desirable
real-time tracking properties for site-specifically drug deliv-
ery at the tumor. Furthermore, the ex vivo studies also
illustrated that the activated CPT was abundantly accumu-
lated at the tumor and scarcely any appeared in other organs
(Figure 8 G,H). Both the in vivo and ex vivo imaging indicated
that P(Cy-N-CPT) could be in vivo tracked via the activatable
emission at 810 nm and thereby precisely guide the NIR light
irradiation; then the concurrent emission at 600 nm is utilized
for timely monitoring the drug release.

In this way, harnessing hypoxia-dependent photocaged
cyanine, we take the dual-modality of fluorescence and
photoacoustic imaging of P(Cy-N-CPT), tracking where,
when and how the intact and active prodrugs are delivered
in vivo. Specifically, photoacoustic signal has been serviced
for real-time in vivo tracing where the intact prodrugs are
located. At the same time, fluorescence signal (810 nm) from
tumor tissue can be employed as the spatial guidance for the
light irradiation, while according to timely feedback on
another channel fluorescence signal (600 nm), the site-specif-
ically initiation and dosage of light irradiation can finely
regulate the activation and drug release.

Conclusion
In summary, we revealed a hypoxia-dependent cyanine-
based photolysis mechanism, where P(Cy-N-CPT) leads to

dual-mode optical signals under hypoxia, enabling precisely
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Figure 8. In vivo dual-channel NIR-fluorescence imaging of A549 xenograft tumor-bearing mice at various time (0, 3, 6, 9, 12, 24 h or under
irradiation 10 min, 0.5 h, 1 h, 1.5 h and 2 h) after intravenous injection of P(Cy-N-CPT) E-H) with or A-D) without light irradiation (670410 nm,
200 mWcm~?) administered at a CPT-equivalent dose of 0.1 mgkg™'. The white arrow indicates the tumor site. Ex vivo NIR-fluorescence imaging
of excised organs (heart, liver, spleen, lung, kidney and tumor) at 24 h or 36 h after the intravenous injection of P(Cy-N-CPT) (C, D, G and H).
Note: In vivo mouse imaging experiments were repeated three times (n=3).

remote control in space and time. We conducted a detailed
retrosynthetic analysis and synthesized the corresponding
fragments of Cy-NH through Vilsmeier-Haack, Aldol, and
hydrolysis reaction, which confirmed our discovery of hypo-
xia-dependent photoactivation mechanism. This photocage
P(Cy-N-CPT) was sequentially triggered by acidic pH and
exogenous NIR light, thereby simultaneously producing dual-
channel fluorescence and PA signals. Notably, unlike 'O,-
mediated photooxidation reliance on O,-dependent con-
sumption, our discovery of this cyanine photolysis conquers
the limitation of tumor hypoxia, allowing remote control for
targeted therapy. We have for the first time established finely
orthogonal manipulation of hypoxia-dependent photocaging
and dual-mode optical signals in living cells and tumor-
bearing mice, thereby realizing spatiotemporal control and in
vivo feedback regulation on light-mediated therapy. This
hypoxia-dependent photolysis design strategy for dual-mo-
dality imaging would inspire the creation of a new generation
of NIR photocages in a physiological context, thus greatly
expanding the photo-triggered toolboxes for deep tissue
penetration or phototherapy.
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