This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

A Self-Immobilizing Photosensitizer with Long-Term Retention for
Hypoxia Imaging and Enhanced Photodynamic Therapy

Zifan Zhu, Yun Feng, Qiufen Tian, Jiawen Li, Chencong Liu, Yuchi Cheng, Sanjun Zhang, Yijing Dang,
Jing Gao, Yi Lai, Fan Zhang, Haijun Yu, Wen Zhang, and Zhiai Xu*

Cite This: JACS Au 2024, 4, 4032-4042 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information
The precise theranostic strategy of fluorescence Fmorescence ON

imaging-guided photodynamic therapy (PDT) can effectively R~ b"‘d'ng o

mitigate the adverse effect of photosensitizers in normal cells and a5 igh )(\ *i

tissues. However, low tumor enrichment and high diffusivity of
photosensitizers significantly compromise the imaging accuracy and
PDT effect. In this study, we have developed a nitroreductase CyNT-F ﬂ/
(NTR)-activated and self-immobilizing photosensitizer CyNT-F, Ce" death ‘ , =
which showed enhanced enrichment in tumor tissues and facilitated %:‘ — ‘ o " CNTE
precise and sustained imaging as well as PDT for hypoxia tumors. ~Diffusion NG Selbessemdly 4
mPEG-b-PDPA nanomicelles encapsulating photosensitizers under- Lysosome

went dissociation and released CyNT-F in tumor cells. CyNT-F and Acid dissociation I
NTR enzymatically reacted in situ to generate highly reactive

quinone methide, subsequently covalently binding to adjacent proteins for fluorescence and PDT activation. CyNT-F exhibited
longer intracellular retention (7 days) and effectively inhibited the tumor growth of solid hypoxia tumor. We believe the activatable
and self-immobilizing strategy of PDT presents a novel methodology for minimizing the adverse effect and enabling spatiotemporally
accurate ablation of diseased cells and tissues.
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current activatable photosensitizer designs rely on the
incorporation of heavy atoms, thereby augmenting the inherent
dark toxicity of photosensitizers.”' >

A further challenge of traditional small molecule photo-
sensitizers is that they readily exit their target cells and then

and exceptional therapeutic efficacy.' ™ A typical PDT process enter the surrounding 'normal c-ells due to the rap.ld
metabolism of tumor tissues, which hampers substantial

involves pretreating the tumor area with a photosensitizer;
) P accumulation and long retention of photosensitizers at the
then, in the presence of specific light and oxygen molecules, 263

4
" . . tumor site. Meanwhile, hypoxia is one of the vital
the photosensitizer generates reactive oxygen species (ROS) to o ) ypoxia 35-37
; A characteristics of the tumor microenvironment. Never-
cause damage to proteins, nucleic acids, lipids, membranes, and . . .
. . o 4S theless, as photosensitizers require oxygen consumption to
organelles, which can induce cell apoptosis.”” However,
- s . s generate ROS, the hypoxia environment becomes an adverse
traditional photosensitizers lack tumor-targeting ability and 3840
o . factor that affects the efficacy of PDT to some extent.
exhibit always-on fluorescence and ROS generation under . . .
. T . . . Therefore, enhancing the photodynamic efficiency of photo-
light, resulting in excessive nonspecific signals and potential o . . .
sensitizers in hypoxic tumors poses a significant challenge.
toxicity to normal tlssues, which largely restrict the clinical . ;
In recent decades, significant endeavors have been dedicated
application of PDT.° Activatable photosensitizers that utilize . . 41,42
to augmenting the efficacy of PDT in cancer treatment.
the special microenvironment of tumors to stimulate the

photosensitizer can achieve precise differentiation and targeted For instance, nanodelivery strategies were developed by
eradication of tumors.””"> The fluorescence signal of these
photosensitizers remains quiescent in normal tissues and lacks
the ability to generate ROS. Only upon interaction with the
tumor site and specific analytes, the fluorescence will be
activated, thereby triggering photodynamic activity.'*~*° This
“stimuli-triggered activation” strategy shows great promise in
reducing the side effects of PDT. However, the majority of

As one of the most promising stars in the field of cancer
treatment, photodynamic therapy (PDT) has gained significant
attention in recent years owing to the merits of non-
invasiveness, spatiotemporal selectivity, lower side effects,
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Scheme 1. (A) Schematic Illustration of the Molecule Design of the Nitroreductase (NTR)-Activatable and Self-Immobilizing
Photosensitizer CyNT-F; (B) The Mechanism of NTR-Activated Protein Binding and Micelle Dissociation; (C) Schematic
Illustration of NTR-Activated Self-Immobilizing Photosensitizer to Achieve Photodynamic Therapy of Hypoxia Tumor
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employing passive targeting based on the enhanced perme-
ability and retention (EPR) effect,””™ or active targeting
using specific ligands to enhance tumor accumulation and
photosensitizer retention. Through response-induced small
molecule in situ self-assembly and nanoscale structure
formation, enhanced cellular uptake and retention have been
achieved.***” Additionally, there have been strategies aimed at
mitigating tumor hypoxia and augmenting photodynamic
efficacy through oxygen supplementation.”* " Despite sig-
nificant improvement, the challenge of inadequate interaction
between small molecule photosensitizers and tumor cells, as
well as their facile diffusion, limits the imaging resolution and
PDT efficacy at the in vivo level.

To address the above issues in PDT, inspired by the
bioorthogonal labeling strategy,””** we herein proposed a
stimulus-triggered self-immobilizing strategy that effectively
reduced the diffusion of the photosensitizer by augmenting its
binding affinity to cellular proteins. 2,2,6,6-Tetramethylpiper-
idinyloxy (TEMPO, a stable free radical group) was first
connected to hemicyanine to enhance the singlet oxygen
yield.*>*® Subsequently, the hydroxyl group of hemicyanine
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was ortho-modified with a leaving group (difluoromethyl), and
the hydroxyl group was modified with a 4-nitrobenzyl moiety
to serve as the recognition site for nitroreductase (NTR),
which quenched the fluorescence and PDT of the photo-
sensitizer. A precursor of difluoro-modified quinone methide
was introduced at the ortho-position of the hemicyanine
hydroxyl group. Upon enzymatic stimulation, electrophilic
quinone methide formed, which covalently binds to
nucleophilic groups on nearby proteins to activate fluorescence
and PDT. This covalent binding strategy enabled precise
identification and elimination of tumor cells at high resolution.
Finally, photosensitizers were encapsulated in polymers
(mPEG-b-PDPA) to facilitate the targeted treatment of solid
tumors in vivo. The activated photosensitizer could accumulate
and retain within the tumor for a prolonged period due to the
limited permeability of macromolecular proteins across cell
membranes, effectively inhibiting tumor growth (Scheme 1).

We undertook a systematic rational design and chemical
modification approach based on the fundamental structure of
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Figure 1. (A,B) Absorption (A) and fluorescence (B) spectra of CyOH, CyOT, CyNT, and CyNT-F in PBS solution. Az = 640 nm. (C)
Concentration-dependent response of CyNT-F to NTR (g, = 680 nm, 0—8 ug/mL). (D) Fluorescence selectivity of CyNT-F toward NTR and
potential interferents (mean + SD, n = 3). (E) Protein fluorescence imaging and Coomassie blue staining (F) of SDS-PAGE gel. NTR or BSA
(bovine serum albumin) was incubated with or without probes in PBS solution at 37 °C for 2 h. 1. Marker, 2. BSA, 3. NTR, 4. CyNT-F+NTR, S.
CyNT-F+BSA, 6. CyNT-F+BSA+NTR, 7. CyNT+NTR. (G) NTR response and protein labeling mechanism of CyNT-F.

hemicyanine azide-derivative CyOH. Firstly, the nitrophenyl
group was introduced to quench the fluorescence of CyOH,
followed by the introduction of the difluoromethyl group as a
quinone methyl precursor to confer covalent properties upon
the probe. Finally, TEMPO was conjugated to the probe via
click chemistry as a photosensitizer enhancement unit for PDT
to obtain CyNT-F. The detailed synthetic routes of CyNT-F
and control probes (CyOH, CyOT, and CyNT) are illustrated
in Schemes S1-S3, and the structures of these compounds
were characterized by NMR spectra and high-resolution mass
spectra (HRMS), verifying their successful synthesis (Figures
S1-S15).

With these compounds in hand, the optical properties of
CyOH, CyOT, CyNT, and CyNT-F were first characterized
through UV—vis and fluorescence spectra. As depicted in
Figure 1A, CyOH exhibited maximum absorption and
emission peaks at 670 and 710 nm, respectively. Similar
absorption and emission spectra were observed for CyOT
modified with TEMPO. However, the maximum absorption
peaks of CyNT and CyNT-F modified with nitrobenzene and
difluoromethyl groups had a significant blue shift. More
importantly, the fluorescence of CyNT and CyNT-F was
substantially quenched, which could be attributed to the
weakened intramolecular charge transfer (ICT) effect in
hemicyanine due to phenolic hydroxyl group protection
(Figure 1B). Subsequently, the UV—vis-NIR absorption and
fluorescence response of CyNT-F to NTR was evaluated in a
phosphate-buffered saline (PBS) solution. Upon coincubation
with NTR, the absorption peak of CyNT-F exhibited a red
shift (Figure S16), which was similar to the absorption peak of
CyOT, indicating successful elimination of nitrobenzene
through enzymatic reaction and effective restoration of the
hydroxyl group. Moreover, the fluorescence intensity at 720
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nm gradually increased with the increasing NTR concen-
tration, demonstrating a strong linear correlation within the
range of 0—2.5 pug/mL enzyme concentration (R* = 0.9899)
(Figures 1C and S17). The time-dependent curve revealed that
equilibrium was achieved within 10 min upon the addition of
NTR (Figure S18). Selectivity and interference experiments
demonstrated robust specificity and anti-interference proper-
ties of CyNT-F toward NTR (Figures 1D and S19), and
CyNT-F exhibited significant fluorescence enhancement for
NTR in a wide range of pH (6.0—8.0) solutions (Figure $20),
suggesting that CyNT-F was suitable for NTR detection in
physiological environments. Additionally, under identical
experimental conditions, the response of CyNT to NTR
displayed similar spectral characteristics to CyNT-F (Figure
S21).

Encouraged by the rapid response and excellent specificity of
the probe to NTR, we further studied the ability of CyNT-F to
covalently label proteins after the enzymatic reaction. CyNT-F
and CyNT were incubated with NTR or BSA, followed by the
analysis of fluorescence labeling of proteins. As depicted in
Figure 1E,F, NTR treated with CyNT-F exhibited strong
fluorescence, while no fluorescence signal was observed in the
CyNT-F+NADH group or NTR group. Furthermore, upon
incubation of NTR and BSA (a competing protein) with
CyNT-F for 30 min, bright fluorescence was exclusively
detected on NTR, indicating a preference of CyNT-F to
covalently bind to neighboring proteins. In contrast, the
noncovalent probe CyNT treated with NTR failed to
fluorescently label proteins. Finally, the NTR-triggered
cleavage of nitrobenzene and the covalent reaction of CyNT-
F with the sulfhydryl group were validated by LC-MS
spectrometry and ESI-MS spectrometry (Figures S22and
$23), and the mechanism is illustrated in Figure 1G. Under
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Figure 2. (A) Absorbance of DPBF at 415 nm in DMF with TEMPO, CyOH, CyOT, CyNT, and CyNT-F upon 655 nm laser irradiation at 6.37
mW/cm? (mean + SD, n = 3). (B) Relative fluorescence intensity of SOSG after CyNT-F treated with NTR (1, = 480 nm). (C) Optimized
molecular structures and calculated HOMO—LUMO energy gaps of CyOH and CyOT. (D) Time-resolved fluorescence spectra of CyOH. (E)
Time-resolved fluorescence spectra of CyOT. (F) Transient absorption spectra of CyOH. (G) Transient absorption spectra of CyOT. (H) The
evolution-associated decay spectra of CyOH. (I) The evolution-associated decay spectra of CyOT.

the catalysis of NTR, CyNT-F underwent a self-elimination
reaction, liberating a highly reactive quinone methide group
that was rapidly trapped by neighboring proteins to form a
fluorescent adduct, thereby facilitating the generation of the
fluorescence signal.

Next, the photodynamic performance of the four com-
pounds (CyOH, CyOT, CyNT, and CyNT-F) was evaluated
by employing 1,3-diphenylisobenzofuran (DPBF) as a singlet
oxygen indicator. As depicted in Figure 2A, the absorbance at
415 nm of DPBF solution containing CyOT rapidly decreased
by 83.6% within 120 s upon irradiation with a 655 nm laser,
while there was only an 18.2% decrease in absorbance
observed in the DPBF solution containing CyOH alone,
which suggested that CyOT exhibited a higher singlet oxygen
yield and photodynamic performance. In contrast, both CyNT
and CyNT-F exhibited lower yields of singlet oxygen
production, indicating that protection of phenolic hydroxyl
groups not only quenches probe fluorescence but also inhibits
singlet oxygen generation. Similarly, TEMPO did not induce a
reduction in the absorbance of DPBF. Subsequently, the
recovery of photodynamic performance upon the activation of
CyNT-F by NTR was validated through the singlet oxygen
detection probe SOSG (a singlet oxygen detection reagent). As
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depicted in Figure 2B, incubation of CyNT-F with NTR for 15
min followed by irradiation with a 655 nm laser for 1 min
resulted in a 4.0-fold increase in the SOSG fluorescence
intensity, indicating that the photodynamic properties of the
probe were activated. Therefore, CyNT-F could serve as an
activatable photosensitizer.

In order to gain a deeper understanding of the alterations
induced by free radical modification, density functional theory
calculations (DFT) were conducted at the B3YLP level to
obtain the optimized singlet state geometries (S;) and triplet
state (T;) by the time-resolved fluorescence spectra measure-
ments of CyOH and CyOT. The energy gap values of CyOH
and CyOT were nearly identical, providing evidence for their
similar maximum emission peaks (Figure 2C). Subsequently,
the nanosecond time-resolved transient absorption spectra of
CyOH and CyOT were measured, as depicted in Figure 2D,E.
Both spectra exhibited similar spectral characteristics, featuring
prominent negative signals within the range of 600—800 nm,
which corresponded to the peak positions observed in their
respective steady-state absorption and fluorescence emission
profiles. It should be noted that following the initial decay of
GSB (ground state bleaching), SE (stimulated emission), and
ESA (excited state absorption) signals around S50 nm within 2

https://doi.org/10.1021/jacsau.4c00787
JACS Au 2024, 4, 4032—-4042


https://pubs.acs.org/doi/10.1021/jacsau.4c00787?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00787?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00787?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00787?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

A ne > B 25 C 50
Wj” },J QP pH=7.4 : pH = 6.0
N R 20 | PDI:0.127 o 40|.PD!: 0.507 },J‘
Hydrophobic OH r o ) ) N f
3 3 -
. . 515 530 1
Gk d £ £
e , 310} 320t
NI S
Hydrophilic é, oH ! 0 0
CyNT-F@PDPA 1 10 100 _ 1000 1 10 100 1000
b E Size (nm) E Size (nm)
1.2 < 7
= [1-655 nm S >6L 5.4x
<10 [1+655 nm ® D
< [ S5
Z08 £ 2
= Z sS4l 2.4x
gos © 2,
2 s
0.2 2 1L
0.0 i 0 [ r%‘ L L
[CyNT F@PDPA] (uM) 25 21% 0. 10%0: <1%O: 21%0:  10%0:  <1%0:
G H
[ 1.2
S N 121% C10% 1<1%
3 o 1.0
=K £
% ~f 80‘8
= 5 4 206
) ON O
;3'; | 2 R o4
=| o v 0.2
4 4 - 00 1 1 1 L 1 1
<1% O2 10% O2 21% O: Calcein AM PI Merge 0 5 10 15 20 25
Concentration (uM)
J K « Lo
— — % 2
O NTR £ 2
) ; T : Blank
Poe |
: N e © §”N> CyNT-F
P iE < o @PDPA CyNT
i D £ o ol
| IV G- ¥ 5 & @PDPA
n—-o->0 : .
% b, e >
Hypoxia cell Normoxia cell 1@ ad 1@ 1¢*
Upper layer Lower layer Fluorescence  Merge Near IR-R Fluorescence

Figure 3. (A) Schematic diagram of nanomicelle dissociation. (B) Nanoparticle size of CyNT-F@PDPA at pH 7.4. (C) Nanoparticle size of
CyNT-F@PDPA at pH 6.0. (D) Cell viability of CyNT-F@PDPA under a 655 nm laser and in darkness (mean + SD, n = 3). (E) Fluorescence
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SD, n = 3) based on (E). (G) Detection of intracellular ROS production by DCFH-DA (green) in 4T1 cells (scale bar: 20 ym). (H) Live (green)/
Dead (red) staining images of 4T1 cells under different oxygen contents after 655 nm laser irradiation (150 mW/cm?, 655 nm laser for S min, scale
bar: 200 pym). (I) Cytotoxicity of CyNT-F@PDPA with different oxygen contents (mean + SD, n = 3). (J) The schematic illustration of the
transwell migration experiment. (K) Fluorescence imaging (red: CyNT or CyNT-F) and (L) flow cytometry detection of lower cells in the

transwell experiment (scale bar: 200 ym).

ns, persistent ESA signals were still observed in the transient
absorption spectra of CyOH and CyOT between 700 and 850
nm over a time range of 0.01—1 us.

The corresponding evolution process of the transient
absorption spectra of CyOH and CyOT (Figure 2F,G) also
revealed that the intense ESA signal near 550 nm was closely
associated with the decay of GSB and SE signals between 600
and 800 nm, which exhibited rapid decay within S ns. The
long-lived components, which were not observed in the time-
resolved fluorescence spectra, may originate from the non-
emissive triplet states of CyOH and CyOT. Furthermore, we
constructed the evolution-associated decay spectra (EADS) of
CyOH and CyOT by employing a combination of singular
value decomposition (SVD) and global fitting techniques. As
depicted in Figure 2H,I, both molecules exhibited three
distinct components in their excited states; one component
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with a lifetime of less than 100 ps showed similar spectral
features to the approximately 400 ps component. These
components manifested discernible GSB and SE character-
istics, accompanied by ESA occurring at around 550 nm. The
~4 ns lifetimes obtained from time-resolved fluorescence
spectroscopy can be attributed to higher-energy excited states
and lower-energy fluorescence emitting states (S,;). Addition-
ally, both molecules demonstrated a long-lived component
between 600 and 700 nm, and 700 and 800 nm respectively,
displaying GSB and ESA signals that can be assigned to triplet
excited states. Moreover, it was noteworthy that the triplet
state lifetime of CyOT (~763 ns) significantly exceeded that of
CyOH (~340 ns), and an extended triplet lifetime leads to a
more advantageous generation of singlet oxygen. Conse-
quently, CyOT would exhibit a higher singlet oxygen yield
and a lower fluorescence quantum yield compared to CyOH.
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Figure 4. (A) Schematic diagram of the establishment of 3D multicellular spheroids. (B) Fluorescence imaging of CyNT-F@PDPA in 3D
multicellular spheroids (blue: DAPI, red: CyNT-F). (C,D) Live (green)/Dead (red) fluorescence staining images of CYNT@PDPA under darkness
and 655 nm irradiation (150 mW/cm? for 10 min). Scale bar = 100 ym.

This inference was in accordance with the properties of CyOH
and CyOT as measured in Table S1 and Figures $24—S30.

To optimize tumor targeting, CyNT-F was encapsulated by
the acid-responsive polymer (mPEG-b-PDPA: an acid-sensitive
polymer that dissociates in pH 6.3 PBS solution®”") via a
coprecipitation method to obtain CyNT-F@PDPA (Figure
3A). The encapsulation efficiency of the probes was
determined to be 30% using the absorption standard curve
(Figures S31 and S32). CyNT-F@PDPA exhibited a uniform
particle size distribution in PBS solution of pH 7.4 (Figure
3B). However, when exposed to PBS solution at pH 6.0,
CyNT-F@PDPA displayed a distinct sign of an unstable
aggregation state due to acid-triggered micelle dissociation
(Figure 3C).

The phototoxicity and dark toxicity of CyNT-F@PDPA on
4T1 cells under normoxia were assessed using an MTT assay
(Figure 3D). In the absence of the 655 nm laser, CyNT-F@
PDPA exhibited minimal cytotoxicity, with cell viability
remaining at approximately 80% even after exposure to the
655 nm laser at a concentration of 10 pM. These results
suggested that CyNT-F@PDPA was highly biocompatible and
could serve as an effective photosensitizer for activated PDT.
Furthermore, we validated the activation process of endoge-
nous NTR in 4T1 cells using confocal microscopy.
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Considering that the expression of NTR was closely associated
with the level of hypoxia, 4T1 cells were preincubated at
varying oxygen concentrations (21%, 10%, and <1% O,) for a
duration of 12 h to induce the upregulation of NTR. The
control cells were incubated under normoxic conditions,
subsequently, the cells were stained with CyNT-F@PDPA
and incubated for an additional 4 h before imaging using
confocal microscopy. As anticipated, no significant fluores-
cence was observed under normoxic conditions (21% O,)
(Figure 3E), which can be attributed to the low expression of
NTR. However, a substantial increase in fluorescence signals
(2.4-fold and S5.4-fold enhancement, respectively) was
observed in the experimental group where NTR over-
expression was induced by hypoxia (10%, <1% O,) (Figure
3F). The fluorescence of CyNT-F@PDPA declined upon the
addition of a NTR inhibitor (Figure S33). These results
indicated that the fluorescence of CyNT-F@PDPA could be
activated specifically by endogenous NTR in living cells.
Subsequently, the photodynamic performance of CyNT-F@
PDPA in hypoxia cells was evaluated by DCFH-DA. As
depicted in Figure 3G, following the sequential incubation of
4T1 cells with CyNT-F@PDPA (10 uM containing CyNT-F)
for 4 h, DCFH-DA (10 M) for 15 min, and exposure to light
for S min, negligible fluorescence was observed under
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Figure S. (A) Fluorescence imaging of hypoxia in 4T1 tumor-bearing mice. (B) Fluorescence imaging of mouse tumors and major organs at day 8
(1. tumor; 2. liver 3. spleen; 4. kidneys; S. heart; 6. lungs). (C) Relative fluorescence intensity of mouse tumors and major organs at day 8 (mean +
SD, n = 3). (D) Experimental design of CyNT-F@PDPA-mediated PDT in 4T1 tumor-bearing mice. (E) Weight growth curves of tumor-bearing
mice over 14 days (mean =+ SD, n = 3). (F) Images of tumors after the treatment period. (G) Tumor growth curves of tumor-bearing mice over 14
days (mean + SD, n = 3). (H) Hematoxylin and eosin (H&E) staining of tumors treated under different conditions. Scale bar = SO pm.

normoxic conditions while intense green fluorescence was
detected in hypoxic environments (10% and <1%), confirming
the ability of the activated probe to generate ROS upon
stimulation using a 655 nm laser.

Furthermore, we employed calcein AM and propidium
iodide (PI) for live (green) and dead (red) cell discrimination,
respectively. As depicted in Figure 3H, 4T1 cells cultured at
varying oxygen concentrations were treated with CyNT-F@
PDPA for 4 h followed by an additional incubation period of
12 h under continuous exposure to a 655 nm laser for 10 min.
Subsequently, staining and imaging using calcein AM and PI
were performed. In comparison to the light-irradiated
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normoxic group exhibiting strong green fluorescence with
minimal red fluorescence, the hypoxic cells displayed intense
red fluorescence along with limited green fluorescence upon
treatment with CyNT-F@PDPA, indicating its effective tumor
cell eradication capability under hypoxic conditions. To further
assess the PDT eflicacy of CyNT-F@PDPA in hypoxic cells,
the MTT experiment was conducted, as depicted in Figure 3];
following 655 laser irradiations, the survival rate of cells in an
anaerobic environment exhibited a significant decrease with
increasing probe concentration.

Furthermore, a transwell migration assay was conducted to
assess the covalent retention property of CyNT-F in cells
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(Figure 3J). First, CYNT@PDPA and CyNT-F@PDPA were
separately incubated with the upper layer of cells that had been
preincubated for 12 h under hypoxia conditions (<1%) to
induce NTR overexpression. After 4 h incubation, the upper
layer of cells was incubated in transwell chambers under
normoxia for 24 h. Subsequently, imaging of the lower layer of
cells was performed. The control group of CyNT@PDPA
exhibited a robust fluorescent signal, indicating the presence of
a substantial number of free probes within the cells following
fluorescence activation (Figure 3K). These probes were
expelled from the cells through cellular metabolism and
subsequently taken up by the underlying layer of 4T1 cells. In
contrast, no discernible fluorescence signal was observed for
the CyNT-F@PDPA group. The flow cytometric analysis of
the lower layer cells also revealed a significantly stronger
fluorescence intensity for the noncovalent probe CyNT group
compared to that for CyNT-F, suggesting that activated
CyNT-F was difficult to metabolize and clear by cells (Figure
3L) and CyNT-F can be retained within cells over an extended
period, enabling long-term imaging and PDT.

After verifying the exceptional performance of CyNT-F in
terms of fluorescence activation and PDT in cellular environ-
ments, we proceeded to investigate the performance of CyNT-
F in the imaging and PDT of hypoxic cells using a more
complex and physiologically relevant 3D multicellular spheroid
(Figure 4A). Initially, we cultured a 3D multicellular spheroid
model with 4T1 cells in vitro. Subsequently, the 3D
multicellular spheroids were stained with CYNT-F@PDPA
(10 uM), incubated in a 21% oxygen environment for 24 h,
and then subjected to DAPI staining for 1 h. Confocal Z-axis
scanning was performed at depths ranging from 0 to 100 ym.
As depicted in Figure 4B, the weak fluorescence images within
the 0—40 M range suggested that the extent of hypoxia in 3D
multicellular spheroids was not severe. Conversely, the intense
fluorescence signals observed at depths of 40—100 pm
indicated the effective activation of CyNT-F by NTR
overexpression within the hypoxia environment present inside
the 3D multicellular spheroid. By virtue of its specific
activation in the hypoxia region of the tumor spheroids, the
ROS generation ability of CyNT-F@PDPA in the 3D
multicellular spheroid was subsequently tested. As shown in
Figure S34, at a scanning depth of 60 ym, CyNT-F was fully
activated and highly efficiently generated ROS upon 655 nm
laser irradiation. Finally, the PDT eficacy of CYNT-F@PDPA
was evaluated. First, CYNT-F@PDPA was incubated with the
3D multicellular spheroids for 24 h under normoxia conditions.
The light group underwent irradiation using a 655 nm laser for
10 min, while the control group did not receive any light
exposure. Subsequently, the 3D multicellular spheroids were
stained with calcein AM and PI, and subjected to confocal Z-
axis scanning depth imaging as depicted in Figure 4C,D. The
bright green fluorescence observed within a depth range of 0—
100 pm in the control group indicated that CyNT-F@PDPA
exhibited low dark toxicity. In contrast, the green fluorescence
of tumor spheroids in the light group was greatly reduced in
0—100 pm, accompanied by a rapid increase in red
fluorescence representing dead cells, suggesting significant
cell death among hypoxia cells within the tumor spheroids.
These findings demonstrate that CYNT-F@PDPA can
eliminate cancer cells.

Building on the impressive performance of CyNT-F in
cellular and 3D multicellular spheroid imaging as well as PDT,
we further evaluated the probe’s hypoxia imaging capabilities in
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BALB/c mice bearing 4T1 tumors. Specifically, PBS, CyYNT@
PDPA, and CyNT-F@PDPA were administered via tail vein
injection to mice, which were then imaged for seven
consecutive days before being sacrificed on day 8 for tumor
and major organ imaging. As depicted in Figure SA,
fluorescence signals at wavelengths of 720—760 nm were
observed in the tumor region of mice from both the CyNT-F@
PDPA group and the CYNT@PDPA group 24 h after tail vein
injection. This phenomenon can be attributed to the probe
being activated by overexpressed NTR under hypoxia
conditions, and the fluorescence signal was maintained for 7
days. In contrast, the fluorescence intensity of the tumor
treated with CyNT@PDPA exhibited a rapid decline after 3
days. The fluorescence intensity of the tumors in different
groups of mice was quantified over 7 days (Figure S35). After a
24 h period following drug administration, the tumor treated
with CyNT-F@PDPA exhibited a fluorescence enhancement
of S.1-fold, while the tumor treated with the CyNT@PDPA
group showed a fluorescence increase of 3.8-fold. With time
progression, the fluorescence intensity in the CyNT@PDPA
group displayed a continuous attenuation trend. However, the
fluorescence intensity in the CyNT-F@PDPA group remained
relatively stable for up to 4 days, and even on day 7, it still
demonstrated a significant enhancement by approximately 3.7-
fold compared to the baseline levels. In contrast, only a 2.0-fold
increase in fluorescence remained observable in the CyNT@
PDPA group at this point. These findings suggest that covalent
photosensitizers effectively resist tumor cell metabolism and
prolong their retention within tumors, which is supported by
our fluorescence imaging results obtained from mouse tumors
and major organs on day 8 (Figure SB,C).

The PDT effect of the probe was evaluated by categorizing
the tumors into six groups (PBS, PBS+655 nm laser, CYNT@
PDPA, CyNT@PDPA+655 nm laser, CyNT-F@PDPA, and
CyNT-F@PDPA+655 nm laser). Once the tumor volume
reached 150 mm?, the treatment regimen depicted in Figure
SD was followed, and each group was exposed to a 655 nm
laser (150 mW/cm?) for a duration of 15 min per treatment.
Additionally, the PDT effect was evaluated based on the tumor
volume growth and changes in the body weight of mice
collected every 2 days. Figure SE displayed negligible
differences in mouse body weight between the PDT and
PBS groups within a 14-day period, indicating that the
treatment did not induce substantial harm to the mice. As
illustrated in Figure SF,G, compared to the PBS group alone,
the tumor growth inhibition rate was approximately 21% in the
PBS+PDT group. This disparity may be attributed to laser
irradiation-induced thermal effects. CYNT@PDPA and CyNT-
F@PDPA exhibited inhibition rates of 23% and 34%,
respectively, compared with the PBS group. This could be
attributed to dark toxicity resulting from extensive probe
accumulation at the tumor site upon activation. Due to its
covalent properties, CyNT-F@PDAP demonstrated enhanced
accumulation efficacy leading to superior tumor inhibition
rates when compared with CyNT@PDPA. Overall, the high
postactivation accumulation and dark toxicity of CyNT-F@
PDPA are advantageous for suppressing tumor growth. When
tumors were irradiated with 655 nm (150 mW/cm?) for 15
min, significant deceleration in the tumor growth rate was
observed in both CyNT@PDPA and CyNT-F@PDPA treated
groups. Particularly, the CyNT-F@PDPA+Laser group dem-
onstrated a tumor growth inhibition rate of 82.8%, which was
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approximately four times higher than that observed in the PBS
+Laser group.

To further substantiate this claim, euthanasia was performed
at the end of the treatment to obtain four groups of organs
through autopsy. These organs and tumors were subsequently
processed into paraffin sections and stained with hematoxylin
and eosin (H&E). As depicted in Figure S36, no discernible
differences were observed in the organ morphology (heart,
liver, spleen, kidneys, and lungs) between the PDT group and
the PBS-treated group, suggesting that CyNT-F exhibited
minimal toxicity toward normal tissues. But there was severely
necrotic tumor tissue in the phototherapy group treated with
CyNT-F@PDPA (Figure SH). Collectively, these findings
validate CyNT-F as a suitable agent for precise tumor imaging
while effectively inhibiting tumor growth under light
irradiation.

In conclusion, we have developed a novel NIR covalent
photosensitizer for tumor imaging and therapeutic purposes,
which is selectively activated in the hypoxia microenvironment
of tumors and covalently binds to adjacent proteins. By
forming covalent bonds with macromolecular proteins, the
metabolism of photosensitizers within tumors is effectively
delayed, leading to improved imaging sensitivity, enhanced
fluorescence intensity, as well as increased accumulation and
retention time in tumor tissues. The precise imaging-guided
PDT utilizing this covalent photosensitizer demonstrates
remarkable tumor inhibition while minimizing adverse effects
compared to noncovalent photosensitizers. Importantly, the
enzymatically triggered self-immobilization strategy of photo-
sensitizers holds significant potential for achieving targeted cell
ablation and clearance.

The detailed synthesis method of the compounds is mentioned
in the Supporting Information

The polymer mPEG-b-PDPA (40 mg/mL) and the probe
solution CyNT-F or CyNT (4 mg/mL) were added to a PBS
solution (pH 7.4) under ultrasound conditions to self-assemble
into nanomicelles through hydrophilic—hydrophobic interac-
tions.

4T1 cells were cultured in DMEM (Dulbecco’s modified Eagle
medium) in an incubator containing 5% CO, at 37 °C. The
DMEM contained 10% fetal bovine serum and 1% penicillin-
streptomycin.

4T1 cells were seeded on a confocal culture dish and
incubated in a cell culture incubator at a normal oxygen
concentration for 12 h. Subsequently, the confocal culture dish
was transferred to a hypoxic incubation bag (AnaeroPack) with
varying oxygen concentrations. The cells were then incubated
at 37 °C for 12 h to induce NTR overexpression.

200 mg of agarose was dissolved in 20 mL of deionized water
by heating. The hot agarose solution (150 uL per well) was
transferred to a 48-well plate. Once agarose cools and solidifies,
4T1 cells were inoculated into each well at a density of 1 X 10°
cells per well. 500 uL of the culture medium was added to each
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well and incubated for cell growth. The culture medium was
refreshed every 3 days until the cells aggregate into spheroids.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00787.
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