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A decomposable and sono-enzyme co-triggered nanoparticle (pTCP-CR NP) with “AND gate”
logic was synthesized, combining a meso-carboxyl-porphyrin-based sonosensitizer (5,10,15,20-
tetrakis(carboxyl)porphyrin, TCP) and a thiophenyl-croconium (2,5-bis[(2-(2-(2-
hydroxyethoxy)ethoxy )ethyl-4-carboxylate-piperidylamino)thiophenyl]-croconium, CR) via ester groups.
TCP releases carbon monoxide (CO) under ultrasound (US) irradiation, offering both sonodynamic and gas
therapy. CR decomposes into stronger reactive oxygen species (ROS) compared to oxygen-based radicals.
The Forster resonance energy transfer (FRET) effect between TCP and CR inhibits ROS and CO generation
until triggered by tumor cell overexpressed carboxylesterase (CEs). pTCP-CR NPs “AND gate” logic ensures
activation only in the presence of both CEs and US, targeting tumor cells while safety in normal tissues.
The ROS and CO generation abilities, as well as the releasing of SO,"~ have been systemically examined.
pTCP-CR can be thoroughly decomposed into low-toxic molecules post the treatment, showing the safety
with negligible phototoxic reactions. In vivo anti-cancer therapy has been evaluated using mice bearing
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hepatocellular carcinoma.
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Precise tumor targeting and on-demand drug release show
great potentials in cancer therapy, which have been achieved by
the continuously emerging smart prodrugs activated by the spe-
cific stimuli [1]. Most of the reported activatable prodrugs (>80%)
are sensitive to a single trigger, including the tumor microenviron-
ments (TMEs) like pH [2], glutathione (GSH) [3,4], reactive oxygen
species (ROS) [5,6] and enzyme [7], or the external triggers like
light, ultrasound, heat, and magnetic field [8,9]. However, in most
of the cases, the nonspecific drug accumulation or activation in
normal tissues is inevitable because some TMEs are not “specific”
enough to sensitively differentiate tumor and normal tissues [10].
Applying “logic gate” involving multiple triggers into the molecu-
lar structures can remarkably magnify the specific tumor targeting
and attenuate the undesired toxicity via the introduction of multi-
stage “locks” and sophisticating the “unlock” conditions [11]. More
than two stimuli co-govern the “on and off” of the drug, exhibiting
“OR gate” or “AND gate” features [12]. Most of the reported pro-
drugs with logic gates are “OR gates”, that is, drugs can be partially
activated by either stimulus [13,14]. Even though sometimes the
tumor targeting and anti-cancer efficacy can be magnified upon
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the combination of multiple stimuli, the partial activation feature
of the “OR gate” determines the toxicity induced by single stimulus
cannot be thoroughly avoided [15]. Compared to “OR gate”, “AND
gate” endows the prodrug with the “only” activation upon the co-
existence of all the stimuli [16,17], which was first reported in the
design of a boron dipyrromethene responsive to both Na* and H*
ions by Akkaya [18]. However, due to the molecule synthesis and
design challenging, the “AND gate” is infrequent among numerous
prodrugs.

Among the stimuli, a combination of external stimulus and in-
ternal stimulus owns advanced strengths due to the tumor-specific
and spatio-temporal control features. Ultrasound (US) as a me-
chanical force has been applied into the cancer treatment as an
external stimulus, called sonodynamic therapy (SDT) [19]. Sonosen-
sitizers bearing macrocyclic structures like porphyrin and phthalo-
cyanine, can be activated under low-intensity US irradiation to
produce highly toxic ROS through the sonoluminescence mecha-
nism [20,21]. Compared to other treatments, SDT owns the advan-
tages of spatio-temporal control, noninvasiveness, minor energy at-
tenuation, and deep tissue-penetration [22,23]. However, the US-
triggered “AND gate” prodrug has been rarely reported due to the
following challenges. First, unlike the pro-chemodrug which the
drug activation is based on the transformation or exposure of spe-

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



S. Liu, J. Ma, A. Wang et al.

cific functional groups upon the triggers, it is hard to inhibit the
sonosensitizers’ toxicity upon US trigger via simple change of func-
tional groups [24,25]. As the toxicity of sonosensitizers is mainly
originated from the US’s energy and sonoluminescence, Forster
resonance energy transfer (FRET) effect which has been widely ap-
plied in the design of dyes, is a promising strategy to suppress
the toxicity from the “only” US irradiation [26]. Second, killing of
the tumor cells for SDT greatly relies on the ROS (singlet oxy-
gen (10,) and oxygen-based radicals ("OH)) produced by the US-
irradiated sonosensitizers. Limited by the tolerate dosage and in-
tracellular uptake level of the sonosensitizers, as well as the ox-
idative ability and life time of the ROS, the anticancer efficacy for
SDT cannot reach as good as that for chemotherapy or radiother-
apy [27,28]. Therefore, stronger ROS agents or toxic agents are ex-
tremely needed to boost the cytotoxicity.

Considering the above-mentioned two issues in the de-
sign of “AND gate” SDT prodrugs, we specially design two
monomers including a meso-carboxyl-porphyrin-based sonosensi-
tizer (5,10,15,20-tetrakis(carboxyl)porphyrin, TCP) and a croconium
(thiophenyl-croconium (2,5-bis[(2-(2-(2-hydroxyethoxy)ethoxy)
ethyl-4-carboxylate-piperidylamino)thiophenyl]-croconium, CR), as
well as their polymers (pTCP-CR) to solve all the listed ob-
stacles in a US and enzyme co-activated system. 5,10,15,20-
Tetrakis(carboxyl)porphyrin (TCP) was selected since it can release
ROS and carbon monoxide (CO) with US irradiation [29]. To further
improve the toxicity of the ROS generated by SDT, sulfate radicals
(S04~) with stronger oxidation capability are introduced into the
molecule design. SO4*~ has an oxidation potential of 2.5-3.1eV,
which is similar to that of "OH (2.80eV), but the half-life (S04,
30 ps) is 30 times versus *OH, which means that it has stronger
cytotoxicity due to longer diffusion distance and leads to more
effective oxidation reactions [30]. Recently, it has been revealed
that SO4°~ can be produced by sulfate ions (SO4%~) and "OH, which
is a mild method appliable in biomedical field [31]. Therefore, a
specific CR dye bearing thiophene group is designed as a SO42~
precursor since sulfur-containing dye owns the potential to release
S04%~ upon ROS treatment [32]. Third, the absorbance of the CR
usually covers the emission of most porphyrin-based sonosen-
sitizers upon US irradiation. Thus, CR can act as a quencher
to lock the undesired US-induced ROS generated due to the
FRET effect once it is connected with porphyrin via suitable
linkers [26].

With the features of meso-carboxyl porphyrin and thiophene-
croconium at hand, TCP and CR are designed and polymerized into
a polymeric prodrug (pTCP-CR) with cross-linked network struc-
ture via ester linkers (Scheme 1). Through self-assembly in wa-
ter, it is prepared into nanoparticles (pTCP-CR NPs) (Scheme S2 in
Supporting information) [33]. As shown in Scheme 1, activation of
pTCP-CR NPs requires the presence of both carboxylesterase (CEs)
and US. Under “only CEs” activation, pTCP-CR NPs cleave into TCP
and CR monomers with low cytotoxicity. Under “only US” activa-
tion, ROS generation by TCP is quenched by CR, and CO genera-
tion is blocked by ester linkers. Only with the co-existence of CEs
and US, TCP and CR release as monomers, enabling ROS and CO
generation. ROS from TCP further decompose CR into SO42~ and
more toxic SO4'~, enhancing cytotoxicity. This enzyme and US co-
triggered “AND gate” design enables precise spatio-temporal con-
trol over the release of anticancer agents. The efficacy of pTCP-CR
NPs as a smart decomposable polysonosensitizer is demonstrated
through in vitro experiments using cell lines with varying CEs ex-
pression levels and in vivo SDT efficacy on mice with hepatocellu-
lar carcinoma (HCC).

Although the instability and bleachability of squarylium dyes
and CR dyes in the presence of metal ions or light have been
reported [34], the phenomenon that CR dye can be degraded by
ROS and transformed into active agents has not been reported.
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Scheme 1. Schematic illustration of the “AND gate” logic in the design of pTCP-CR
NPs for the releasing of CO, ROS and SO4'~ under the co-triggers of US and CEs.

As sulfur-containing dyes owned the potentials to be converted
to SO42~ after being treated by ROS [32], CR bearing thiophe-
nol group was selected as the special monomer for the releas-
ing of surfur-based radicals. CR was synthesized by the nucle-
ophilic substitution, alkali saponification/acid hydrolysis, conden-
sation processes with croconic acid as shown in Scheme S2. All
the intermediates and finally compounds were fully characterized
(Figs. S1-S8 in Supporting information). It has been demonstrated
before that US could trigger the porphyrin derivatives to gener-
ate *OH, similar with the porphyrin-based photodynamic therapy
mechanism [35]. We then evaluated whether the ROS generated
by the US and TCP would lead to the decomposition of CR into
S042~ as well as more active SO4'~ radicals (Fig. 1a). Adding "OH
to a phosphate buffer saline (PBS) solution of CR led to a signifi-
cant reduction in CR absorption in the near-infrared (NIR) region
(around 700nm) (Fig. 1b). 'H nuclear magnetic resonance spec-
troscopy ('H NMR) and high resolution mass spectrometry (HRMS)
analyses confirmed CR decomposition after “OH treatment for 20
and 50 min, with CR molecules breaking down into low molecular
weight compounds (Figs. S9 and S10 in Supporting information).
Additionally, we assessed if ‘OH generated by TCP could decom-
pose CR. As anticipated, CR absorption in the NIR region decreased
after US treatment of a mixed solution of TCP and CR in PBS (Fig.
S11 in Supporting information), while minimal change occurred
in the CR+US group and the CR+TCP group (Fig. S11). This sug-
gested CR decomposition relied on ROS from TCP and US combina-
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Fig. 1. (a) The ROS-induced CR decomposition and release of SO4*~. (b) Absorption
spectra of a 50pmol/L solution of CR after reaction with "OH. (c) The degradation
efficiency of MB by "OH and SO4'~ produced by different experimental groups. (d)
The concentration of SO42~ in H,0, CR, CR with US irradiation and CR+ TCP with
US irradiation. (e) EPR spectra of produced ‘OH and SO4"~ radicals from H,0 by the
CR, CR with US irradiation and CR+ TCP with US irradiation. Data are means + SD
(n=3). ***P <0.001.

tion. Furthermore, high performance high performance (HPIC) was
utilized to determine SO42~ concentration in various CR solutions
(only CR group, CR+ US group, CR+ TCP +US group, and deionized
water group). Results showed a significantly higher SO42~ concen-
tration in the CR+TCP + US group (3.88 mg/L) compared to control
groups (0.5-0.7 mg/L) (Fig. 1d, Fig. S12 and Table S1 in Supporting
information).

It has been reported that SO42~ can be efficiently converted
into S04~ by "OH [36]. Electron paramagnetic resonance (EPR)
analyses were used to examine the SO4'~ radicals that are derived
from both CR and TCP under US treatment (Fig. 1a). Obvious sul-
fate anion (DMPO-SO4"'~, labeled by red star) signals were observed
only in the CR+TCP + US treatment group (Fig. 1e). The EPR spec-
tra supported that the *OH produced by TCP under US irradiation
can effectively convert SO42~ into SO4"~. Since the degradation of
methylene blue (MB) could indirectly reflect the oxidative ability
of ‘OH and SO4 ", the capability of "OH and SO4"~ were compared
using different combination of CR, TCP and US [37]. The results in-
dicated that CR can effectively degrade MB in the presence of TCP
and US, with up to 84.5% of MB being degraded, indicating that CR
can produce *OH and SO4"~ under the combined treatment of TCP
and US (Fig. 1c¢ and Fig. S13 in Supporting information).

Considering the advanced features of TCP and CR including the
generation of CO, 10, and SO4"~, a polymerized TCP and CR (pTCP-
CR) with cross-linked network structure connected by flexible es-
ter linkers was designed and synthesized using our previously re-
ported polycondensation method (Scheme S3 in Supporting infor-
mation) [21,38]. As controls, polymerized TCPP and CR (pTCPP-CR)
which could not release CO, and polymerized TCP with hexaethy-
lene glycol (pTCP-HG) which did not generate SO4*~ were also
synthesized for comparisons. Their chemical structures were char-
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acterized by 'H NMR spectroscopy (Figs. S14-S16 in Supporting
information). Their molecular weights (MWs) were calculated to
be around 6900 (pTCP-CR), 9200 (pTCPP-CR) and 6100 (pTCP-HG)
g/mol by gel permeation chromatography (GPC) (Fig. S17 in Sup-
porting information). pTCP-CR, pTCPP-CR and pTCP-HG were pre-
pared into nanoparticles (pTCP-CR NPs, pTCPP-CR NPs and pTCP
NPs) in PBS by the self-assembly of hydrophilic and hydropho-
bic units [39,40]. These NPs showed unimodal size distributions
with the average hydrodynamic diameters of 79.542.8 nm (pTCP-
CR NPs), 187.3 +3.3 nm (pTCPP-CR NPs) and 232.546.2 nm (pTCP-
HG NPs) measured by dynamic light scattering (DLS) (Fig. S18 in
Supporting information). A spherical morphology of pTCP-CR NPs
was observed with scanning electron microscopy (SEM) (Fig. S19 in
Supporting information). After co-incubation with CEs (20U/mL),
the size of pTCP-CR NPs increased to over 1000 nm due to ester
linker cleavage, causing nanoparticle structure destruction. These
NPs contain three anti-cancer agents: CO, '0,, and SO,'~, making
them a prodrug. pTCP-CR NPs degrade into TCP and CR monomers
when interacting with cancer cells overexpressing CEs but re-
main stable against normal tissues with limited CEs expression.
TCP’s emission (600-750 nm) overlaps with CR’s absorption (600-
800nm), enabling the FRET effect (Figs. 2a, ¢ and d) [41]. There-
fore, the CR moiety in pTCP-CR NPs structure had the potential
to act as a quencher, which would fully quench the fluorescence
emission and ROS generation of TCP segment due to the pres-
ence of FRET process. However, the FRET effect of pTCP-CR NPs
was inhibited in the monomeric state after CEs treatment (Fig.
2c and Figs. S22-S24 in Supporting information). The distance be-
tween the energy donor (TCP) and energy acceptor (CR) was an
important factor affecting FRET effect [42]. The intermolecular in-
teraction between TCP unit and CR unit is simulated. The inter-
molecular distance in the polymer mode (<10A) is much lower
than that in the monomer mode (>15A) (Fig. S20 in Support-
ing information). In addition, due to the cleavage of pTCP-CR NPs
by esterase, the change of FRET effect was time-dependent. In
the polymer state, all the three active agents including CO, '0,
and SO4'~ were inactivated due to the quenching effect of CR on
TCP.

As a result, all the active agents were double-locked into pTCP-
CR NPs, which could be only unlocked by the simultaneous exis-
tence of US and CEs (Scheme S4 in Supporting information). As
shown in Fig. 2b, pTCP-CR NPs is processed by both US and CEs,
both the TCP absorbance at 300-450nm and CR absorbance at
600-1000 nm dramatically decreased. This indicates that both TCP
and CR are decomposed after CEs/US dual processing. As a control,
PTCP-CR NPs showed strong stability under only US or CEs irradi-
ation (Fig. S25 in Supporting information). Subsequently, the ROS
generation ability of CR, TCP + CR, pTCP-CR NPs and pTCPP-CR NPs
in water upon different treatment conditions was evaluated. 1,3-
Diphenylisobenzofuran (DPBF) and 2’,7’-dichlorodihyrofluorescein
(DCFH) were used as !0, and ROS analytical reagent [43]. For
CEs/US-co-treated pTCP-CR NPs and pTCPP-CR NPs, the absorption
of DPBF (420nm) decreased significantly with the prolongation of
US treatment time, indicating the 10, generation upon US irradi-
ation. As controls, if pTCP-CR NPs and pTCPP-CR NPs were only
irradiation by US without CEs treatment, the absorption of DPBF
did not change and no generation of '0, (Fig. S26 in Support-
ing information). Such results were in consistent with the fluores-
cence results that FRET effect inhibited the generation of 10, from
TCP unit. Apart from DPBF, DCFH as a fluorescent probe, was also
selected to demonstrate it. Compared with the only US triggered
group, CEs/US co-triggered pTCP-CR NPs or pTCPP-CR NPs showed
notable stronger fluorescence intensity, revealing the “on and off”
of ROS was fully determined by the co-existence of CEs and US
(Fig. 2d and Fig. S27 in Supporting information).



S. Liu, J. Ma, A. Wang et al.

Chinese Chemical Letters 36 (2025) 110032

(a) FL(TCP)] o (b) 12] —— pTCP-CR NPs
& 0: - W' Oy § '; —— pTCP-CR NPs+US
o o S . 1.0+ pTCP-CR NPs+CEs
o s . ; %"" S —— pTCP-CR NPs+CEs+US (5 min)
ey / 8 08
LB i CEs=20 U/ml
3OO % ¥erer 8 o0cl
o L 2, foon 2 0.6
J{ o ™ Ho o
= god” FL (CR)16° 0 0.4-
il é‘ﬁﬁ 8N
%7 NPs state ; (FL(TCP)T: ¢ < oz, \\ \\
o
\élon 7 Monomer state ] 0.0 o -
”‘G‘% i I S o 2,0 300 450 600 750 900 1050 1200
@4 QC X e eV " Wavelength (nm)

—
D
e

500 15
— :;:,:cm—m::: \ 480 ’; 3 52501 —«—pTCP-CRNPs  +DCFH+US 3001 o pTCP-CR NPs+CEs+US
Swo_fE8Se | Tl S T S| —PrCrR NS
. <= UV of | >
© (G20 Ukl . -~ / 7.4 ~ 2 3750 —— pTCPP-CR NPs+CEs E
~Z 300 ST ‘ 090 2 CR S 200+
e \ Q é so00] 5150
® 2001 76 311 ]‘T 068 g 2200 @
» 5 2 1004
2 100 a1 22 [ 1™ Josb 8 1500 s
£ |\ Q£ 2
0= N S § ™0 &
00g 2 ] g o
600 700 800 900 0 15 30 45 60 75 90 o 10 20 30 40
Wavelength (nm) Time (s) Time (min)
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time.

The CEs/US co-triggered CO release ability of pTCP-CR NPs
was quantified by hemoglobin method, 9-(diethylamino)—5H-
benzo|a]phenoxazin-5-one palladium complex (1-Ac) CO fluores-
cence probe method and CO gas sensor method. UV spectra indi-
cated conversion of Hb-Fe(Il) to Hb-Fe(CO) after incubating CEs-
treated pTCP-CR NPs with hemoglobin under US treatment. Fluo-
rescence intensity of CEs-treated pTCP-CR NPs with 1-Ac increased
significantly under US treatment, confirming CO release (Fig. S28 in
Supporting information). CO gas sensor method quantified CO re-
lease at 280 mmol CO/mol TCP after 40 min of US treatment. No CO
release was observed in pTCP-CR NPs treated only with US irradia-
tion (Fig. 2e). Similar results were observed with pTCP-HG NPs (Fig.
$28). Additionally, SO4%~ release from pTCP-CR NPs under CEs/US
dual activation was significantly higher compared to other groups
(Fig. S29 in Supporting information). In summary, the co-existence
of CEs and US triggered the generation of CO, 10,, and SO4"~.

Subsequently, we evaluated the in vitro release of ROS and CO
from the double-blocked pTCP-CR NPs upon CEs/US triggers. It was
known that the CEs expression in liver tumors was much higher
than normal tissues [44]. CEs-positive hepatoma cells (HepG2) and
CEs-negative cells (293T and LO2) were selected as the models to
demonstrate the in vitro anticancer efficacy [45]. After incubation
with pTCP-CR NPs (20 pmol/L porphyrin) for 4h, bright fluores-
cence showed internalization in HepG2 cells, confirmed by colocal-
ization with Mito-Tracker Green, indicating effective enrichment in
mitochondria (Fig. 3a). Cellular uptake of pTCP-CR NPs was higher
than free TCP in both HepG2 and 293T cells, suggesting improved
internalization due to NPs formation [46]. Similar results were ob-
served with pTCPP-CR NPs (Fig. S30 in Supporting information).

DCFH-diacetate (DA) and 1-Ac were furthermore used to de-
tect the intracellular ROS and CO. In HepG2 cells, both pTCP-CR
NPs and pTCPP-CR NPs showed green fluorescence upon US irra-
diation, while fluorescence dropped significantly in 293T and LO2
with or without US (Fig. 3a, Figs. S31 and S32 in Supporting infor-
mation). Sole US treatment did not induce green fluorescence. The
US-triggered ROS generation of pTCP-HG NPs was not influenced
by cell type, blurring the tumor-normal cell distinction (Fig. S32).

Adding CEs inhibitor bis-p-nitrophenyl phosphate (BNPP) to HepG2
cells reduced green fluorescence in pTCP-CR NPs+ US and pTCPP-
CR NPs+US groups, but not in pTCP-HG NPs+ US group (Fig. 3b
and Fig. S32). This aligns with ROS generation tuned by CEs and
US co-existence, targeting toxicity to tumor cells under US. Simi-
larly, intracellular CO release upon US showed CEs/US dependency.
HepG2 cells incubated with pTCP-CR NPs and pTCP-HG NPs dis-
played intracellular CO production after US, evidenced by strong
red fluorescence using 1-Ac (Figs. 3c and d, Fig. S33 in Support-
ing information). No CO was detected in 293T cells or HepG2 cells
treated with BNPP. Thus, pTCP-CR NPs specifically generate ROS
and CO only with CEs and US co-existence, targeting high CEs tu-
mor cells under US.

The MTT assay evaluated the toxicity of pTCP-CR NPs, pTCPP-
CR NPs, and pTCP-HG NPs on cancer cells. All NPs showed low
cytotoxicity without US irradiation, indicating their safety (Fig. 3e
and Fig. S34 Supporting information). Upon US irradiation, HepG2
cells treated with pTCP-CR NPs and pTCPP-CR NPs exhibited sig-
nificantly higher cytotoxicity (Fig. 3f and Fig. S35 in Supporting
information). Pre-treatment of HepG2 cells with BNPP decreased
therapeutic efficiency, consistent with results in cells with limited
CEs expression. At 25 numol/L concentration (porphyrin equivalent),
cell mortality was significantly higher in the pTCP-CR NPs+ US
group (81.37% + 3.27%) compared to pTCPP-CR NPs-+US (59.77%
+ 1.35%) due to CO gas therapy from the TCP moiety (Fig. 3f).
Additionally, mortality was higher in the pTCP-CR NPs +US group
than pTCP-HG NPs + US (64.36% + 2.25%) due to more efficient ox-
idative toxicity of SO4 '~ from CR (Fig. S36 in Supporting informa-
tion). These results demonstrate the contribution of both SDT and
GT therapy to cell death, activated only by CEs and US. CO and
ROS can induce mitochondrial dysfunction and lead to cell apop-
tosis by decreasing mitochondrial membrane potential (MMP). To
assess the therapeutic effect, MMP reduction was measured us-
ing 5,5,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolo carbocya-
nine iodide (JC-1) dye. Following US-triggered treatment, HepG2
cells showed a significant decrease in MMP, shifting JC-1 dye flu-
orescence from red to green, indicating mitochondrial dysfunction
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HG NPs with US. (d) Intracellular CO release from NPs with and without US in different cells. (e) Cell viabilities of cells incubated with pTCP-CR NPs at varying concentrations
with US treatment. (f) Ratio and (g) CLSM images of JC-1 monomer to aggregate in mitochondria after pTCP-CR NPs treatment with or without US. Data are means + SD

(n=4). ***P < 0.001. Scale bar: 50 um.
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Fig. 4. (a) In vivo and ex vivo fluorescence images of subcutaneous H22 tumor-bearing mice at different time points (2, 4, 6, 8, and 24 h) post-injection of CR or pTCP-CR NPs
(5mg/kg dose equivalence of CR), with excised organs and tumors at 8 h. (b) Scheme of in vivo tumor suppression experiment. (c) Time-dependent tumor-volume curves. (d)
Body weight changes. (e) Digital graphs of dissected solid tumors on day 14. All data are means + SD (n=6). ***P <0.001.

(Fig. 3g). The green/red fluorescence intensity ratio, indicative of
mitochondrial damage, was highest in HepG2 cells treated with
pTCP-CR NPs and US, demonstrating the most effective mitochon-
drial damage compared to other cell lines (Figs. S36-S38 in Sup-
porting information).

The in vivo synergistic anti-cancer therapy was furthermore
evaluated using mice bearing H22 tumors. All animal experimen-
tal procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) of Dalian Medical University. The approval
number of animal experiments is AEE22049. Initially, pTCP-CR NPs

served as an in vivo fluorescence imaging agent to assess drug ac-
cumulation and retention. After intravenous injection into mice,
fluorescence signals were recorded over time. Results showed dis-
cernible signals at the tumor site 2 h post-injection, peaking at 8 h.
Minimal signals were observed in mice injected with free CR. Ma-
jor organs and tumors were harvested 24h post-injection for ex
vivo fluorescence imaging (Fig. 4a). We evaluated the combined
therapeutic efficacy of pTCP-CR NPs, pTCPP-CR NPs and pTCP-HG
NPs in H22 tumor-bearing mice. Mice were divided into seven
groups: PBS only, NPs only, NPs with US, with detailed administra-
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tion in Fig. 4b, monitoring tumor sizes and body weights daily. Tu-
mors in untreated and NPs-treated mice grew rapidly, while those
in groups receiving US showed some inhibition compared to PBS.
Notably, group III (pTCP-CR NPs+ US) displayed the highest in-
hibition, releasing both CO and enhanced ROS upon US. Tumor
images and hematoxylin-eosin staining (H&E) staining confirmed
these findings. Mice treated with NPs and US showed no signif-
icant weight loss or organ damage, suggesting safety (Figs. 4c-e,
Figs. S39 and S40 in Supporting information).

In summary, a CEs and US co-triggered polysonosensitizer
pTCP-CR NPs with “AND gate” logic was developed, in which TCP
with ROS and CO generation ability was polymerized with CR with
FRET quenching effect and SO4~ generation capability via ester
linkers. Either CEs or US itself could not “unlock” pTCP-CR NPs
with the releasing of active agents while the anti-cancer efficacy
could only be activated upon the co-existence of CEs and US. Such
design could avoid the nonspecific targeting and drug activation
in the normal tissues via the combination of CEs as the internal
trigger and US as an external trigger. A spatio-temporal control of
the toxicity activation could also be achieved. Upon activation by
two triggers, advanced anti-cancer agents beyond traditional ROS
from SDT were simultaneously generated due to the smart design
of TCP and CR monomers. TCP monomer can not only generate tra-
ditional ROS upon US irradiation, but also be decomposed into CO
as therapeutic gas. CR monomer can not only quench the toxicity
of TCP at polymer state due to FRET effect, but also be decom-
posed into SO4*~ as more toxic ROS for toxicity boosting. Post SDT
treatment, pTCP-CR NPs can be thoroughly decomposed into low-
toxic molecules for the fast clearance, avoiding phototoxic side-
ffect. Such “AND gate” logic design provided a promising strategy
for the precise tumor treatment with limited side-effect.
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