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ABSTRACT: The precise localization of metastatic tumors with
subtle growth is crucial for timely intervention and improvement of
tumor prognosis but remains a paramount challenging. To date,
site-specific activation of fluorogenic probes for single-stimulus-
based diagnosis typically targets an occult molecular event in a
complex biosystem with limited specificity. Herein, we propose a
highly specific site-specific cascade-activated strategy to enhance
detection accuracy, aiming to achieve the accurate detection of
breast cancer (BC) lung metastasis in a cascade manner.
Specifically, cascade-activatable NIR fluorogenic nanomicelles
HPNs were constructed using ultra-pH-sensitive (UPS) block
copolymers as carriers and nitroreductase (NTR)-activated fluorogenic reporters. HPNs exhibit programmable cascade response
characteristics by first instantaneous dissociating under in situ tumor acidity, facilitating deep tumor penetration followed by selective
fluorescence activation through NTR-mediated enzymatic reaction resulting in high fluorescence ON/OFF contrast. Notably, this
unique feature of HPNs enables high-precision diagnosis of orthotopic BC as well as its lung metastases with a remarkable signal-to-
background ratio (SBR). This proposed site-specific cascade activation strategy will offer opportunities for a specific diagnosis with
high signal fidelity of various insidious metastatic lesions in situ across different diseases.
KEYWORDS: Imaging, cascade activation, NIR fluorogenic nanomicelles, lung metastasis, precise diagnosis

■ INTRODUCTION
Breast cancer (BC) is characterized by its high aggressiveness
and metastasis rate.1−3 Lung metastasis is a common
complication of BC, accounting for approximately 50% of
cases, which contributes to the alarmingly high morbidity and
mortality.4−7 Therefore, there is an urgent need to develop
advanced diagnostic tools for specific detection of BC lung
metastases in order to facilitate timely intervention and
effective treatment. However, the random distribution of
tumor metastasis poses a significant challenge for clinical
therapy and operation.8−11 Biopsy aimed at histopathologic
determination of BC faces limitations due to its invasiveness
and incomplete identification of metastatic lesions.12 Fur-
thermore, accurate detection and localization of BC lung
metastases remain formidable tasks due to their small size,
limited contrast, and indistinct boundaries with neighboring
normal tissues.10,13

The development of site-specific activation fluorogenic
probes has significantly enhanced the sensitive identification
of tumors, enabling precise detection and localization of tumor
metastases with a high signal-to-background ratio (SBR).14−18

However, most activatable fluorogenic probes are limited to a
single stimulus, rendering them vulnerable to physiological and
pathological fluctuations and compromising their accuracy in
distinguishing underdiagnosed lung metastases. To overcome

this limitation, multistimuli-activatable fluorogenic probes have
been proposed, which can intelligently respond to multiple
specific indicators to produce a low-background and specific
imaging signal compared to single-stimulus probes.19−25

A site-specific cascade-activated strategy that offers tunable
properties (such as size- and charge-switchable behavior,
activatable fluorescence) in response to tumor environmental
stimuli would enable specific and accurate diagnosis of hidden
metastases foci.26−30 Notably, the presence of primary site
efficiently obstructs the activation of secondary site, thereby
preventing premature activation by low-level indicators present
in normal tissues before accumulation of imaging agents in
tumors.31−33 Therefore, the site-specific cascade-activatable
fluorogenic probes allow for a fluorescence response to
orthogonal indicators in situ, facilitating highly specific and
sensitive diagnostic imaging of elusive lung metastases.
Ultra-pH-sensitive (UPS) nanomicelles have demonstrated

their remarkable potential as efficient carriers for pH-
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responsive tumor delivery. Unlike previous pH-activatable
probes with a broad response range,34−36 UPS block
nanomicelles contain tertiary amine blocks that exhibit
sensitivity to subtle changes in pH, enabling amphiphilic
conversion and a sharp pH range for nanomicelle disassembly.
Importantly, currently available UPS nanomicelles exhibit a
narrow pHe range and tunable pKa, making them suitable for
distinguishing tumor extracellular acidity (pHe 6.5−7.0) from
healthy tissues (pHe 7.2−7.4).37,38 Meanwhile, PEGylated
nanomicelles offer improved metabolic kinetics, enhancing the
in situ accumulation of fluorescent probes in solid tumors and
enabling the sensitivity and specific diagnosis of tumor
metastasis.
To enhance the imaging accuracy and SBR of hard-to-locate

micrometastases, more precise cascade activation strategies can
be designed by incorporating a secondary tumor-specific
indicator. Nitroreductase (NTR) is an aberrantly expressed
biomarker for hypoxia in various solid tumors, which not only
directly correlates with the degree of hypoxia but also plays a
role in the growth and metastasis of tumor cells.39−42 Several
NTR-activatable NIR fluorescent probes have been reported
for diagnosing metastatic tumors.39,42 Jiang et al. developed a
macromolecular NIR PEG-conjugated iridium(III) complex
that effectively detects primary tumors and small liver
metastatic nodules measuring approximately 1 mm, by
specifically responding to tumor acidity and hypoxia.20

Drawing inspiration from these concepts, we propose that
combining tumor extracellular acidity pHe with NTR can
effectively address this challenge, thereby significantly expand-
ing the potential application of programmable responsive
nanoprobe imaging technology in detecting micrometastatic

tumors. Particularly in complex organisms, the development of
costimulatory probes offers significant potential for precise
imaging and discrimination of BC lung metastases.
The proposed diagnostic probe for BC lung metastases

should possess the following typical characteristics: (i) an
appropriate pKa and ultrasensitive response to subtle pH
chances, specifically matching the extracellular pH of lung
metastases, and (ii) in situ cascade activation to ensure
accurate imaging and enhanced SBR of tiny lesions. In this
study, we developed a cascade-activatable nanoprobe called
HPNs that can logically respond to two orthogonal stimuli
(the acidic pH and NTR) associated with BC tumors,
demonstrating programmable response behavior, enabling
highly precise and sensitive imaging of both primary BC
tumors and their lung metastases. HPNs consist of two
functional components: an ionizable diblock copolymer
poly(ethylene glycol)-b-poly(-2-(diisopropylamino)ethyl
methacrylate-r-2-aminoethyl methacrylate) (PEG-b-(DPA-r-
AMA)), responsible for UPS size-switchable delivery to
distinguish the acidic tumor extracellular environment (lock
1), and an NTR-activatable fluorogenic reporter hCy-NO2
incorporated inside HPNs for in situ activation under high
levels of NTR (lock 2). During blood circulation, the tailored
probe HPNs forms compact nanomicelles and keeps silent.
Upon accumulation into tumor tissue through the enhanced
permeability and retention (EPR) effect, HPNs with size-
switchable properties are immediately disassembled into
unimers in response to the acidic extracellular pH of tumors,
leading to effective exposure of caged reporter hCy-NO2. The
resulting dissociated unimers are preferentially internalized,
facilitating deep penetration into solid BC tumors and lung

Scheme 1. Schematic Illustration of Site-Specific Cascade-Activatable Fluorogenic Nanomicelles HPNs for Programmable
Targeting and Precise Detection of Pulmonary Metastatic Tumora

a(i) HPNs with an initially large nanomicelle morphology exhibit prolonged blood circulation time and preferential accumulation in tumor tissue
via EPR effect. (ii) Upon deposition in the acidic tumor microenvironment, HPNs undergo instantaneous size-switchable behavior, dissociating
into small-sized unimers to facilitate deep tumor penetration followed by the exposure of the caged hCy-NO2 reporter. (iii) Subsequently, due to
acid-triggered protonation and dissociation of HPNs, the resulting unimers efficiently enter tumor cells, promoting intracellular fluorescence
activation by NTR and enabling high SBR imaging of BC lung metastasis.
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metastases, subsequently generating intense fluorescence turn-
on signals toward overexpressed NTR. By employing the site-
specific cascade activation strategy, two specific stimuli triggers
are elaborately designed to guarantee targeted accumulation at
lesion sites, thereby generating enhanced fluorescence signals.
Consequently, this strategy not only enables the highly precise
identification of in situ BC but also facilitates accurate
visualization of pulmonary BC metastases (Scheme 1).

■ RESULTS AND DISCUSSION

Preparation and Sensing Properties of HPNs

HPNs were prepared following the detailed synthetic route
depicted in Scheme S2. First, an ionizable diblock copolymer
PEG-b-(DPA-r-AMA) was prepared via atom-transfer radical
polymerization (ATRP). Subsequently, an NTR-specific
fluorogenic reporter hCy-NO2 was synthesized (Scheme S1)
and incorporated into the copolymer PEG-b-(DPA-r-AMA) to
afford copolymer-reporter conjugate PEG-b-(DPA-r-hCy-
NO2). The tailored UPS nanoprobe HPNs were then
fabricated by self-assembly of the amphiphilic PEG-b-(DPA-
r-hCy-NO2) under neutral pH conditions. The pH-insensitive
polymer PEG-b-(IMA-r-hCy-NO2) (nanoprobe NPNs) were
synthesized by replacing the ionizable tertiary amine with a
nonionizing moiety isopentyl methacrylate, and the other
structural units remained consistent with HPNs (Scheme S2).
hCy-NO2, HPNs, NPNs, and intermediates were confirmed by
1H NMR, 13C NMR, and high-resolution mass spectrometry
(HRMS) (Figures S21−S36).
We initially investigated the pH-dependent size-switchable

behavior of HPNs (Figure 1A). As shown in Figure 1B, under

neutral pH conditions, HPNs exhibited a dynamic light
scattering (DLS) size of 50 nm due to the self-assembly
behavior driven by the amphipathic nature of PEG-b-(DPA-r-
hCy-NO2), resulting in the formation of nanomicelles HPNs
in aqueous solution. Upon exposure to acidic conditions,
HPNs dissociated into unimers with a reduced DLS size of
approximately 10 nm. Notably, HPNs demonstrated that a
narrow size switches pH (6.4−6.8), with optical pH transitions
occurring at 6.6, precisely matching the extracellular tumor pH
range (6.5−6.9) (Figure 1C). As expected, HPNs possessed an
appropriate pKa of 6.6 and exhibited remarkable sensitivity
toward subtle pH changes. The morphological characteristics
of HPNs were investigated by using transmission electron
microscopy (TEM). At physiological pH, spherical morphol-
ogy was observed for HPNs with a particle size of 52 ± 5 nm;
however, significant dissociation occurred under acidic
conditions (pH = 6.4) (Figure 1D,E). Meanwhile, the zeta
potential (ζ) of HPNs was −2 mV at neutral pH but increased
to 12 mV upon adjustment to a lower pH value of 6.4,
indicating protonation within an acidic environment (Figures
S1A and S2). These findings collectively indicate that HPNs
are well suited for detecting subtle acidity variations between
tumors and normal tissues effectively. In contrast, non-
responsive nanoparticles (NPNs) maintained a consistent
DLS size of 50 nm and had a zeta potential of −2 mV when
dispersed in an aqueous solution (Figure 1C and Figure S1A).
However, no significant differences were observed regarding
their DLS size or zeta potential after exposure to acidic
conditions (Figures S1B and S2).
The spectral responses of HPNs to acidic conditions and

high levels of NTR were investigated. As shown in Figure

Figure 1. (A) Chemical structure and the responsive progress of pH-mediated size and fluorescent switchable behavior of cascade-activatable
nanoprobes. (B) DLS distribution of HPNs in different pH conditions. (C) pH-dependent size properties of HPNs and NPNs. Hydrodynamic
diameters and TEM images of HPNs at pH 7.4 (D) and pH 6.4 (E), scale bar = 100 μm. (F) Absorption and (G) fluorescence of HPNs (10 μg·
mL−1) toward NTR (14 μg·mL−1) in PBS buffer at pH 7.4 or 6.4 for 0.5 h at 37 °C. Inset: NIRF image of HPNs before and after reacting with the
NTR enzyme. Ex/Em = 640/725 nm. (H) Fluorescent response of HPNs toward NTR in different pH conditions. (I) Fluorescence intensity as a
function of pH for HPNs and NPNs with addition of NTR.
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1F,G, HPNs exhibited two distinct absorbance peaks at
approximately 500 and 600 nm with weak fluorescence in the
NIR region at pH 7.4. In the presence of NTR at pH 7.4,
negligible changes were observed in the fluorescence and
absorption spectra of HPNs. Meanwhile, despite dissociation
occurring at pH 6.4, there was no substantial increase in
fluorescence due to the caged states of the fluorogenic
reporter. Notably, upon exposure to NTR at pH 6.4, HPNs
exhibited an increased absorption peak at 710 nm, along with a
dramatic increase in NIR fluorescence (Figure 1F,G).
Cascade-activated behaviors of HPNs were further inves-

tigated. Pretreatment of HPNs with NTR at pH 7.4 did not
expedite the fluorescence increase but instead exhibited similar
kinetics to both H+ and NTR-treated HPNs after the addition
of weak acid (pH 6.4) (Figure S3). This can be attributed to
the compact encapsulation of reporter by UPS nanomicelles,
which hinders the reaction and activation of fluorescence
caused by high levels of NTR. Therefore, these cascade-
activatable fluorogenic nanomicelles only activate NIR
fluorescence when both weak acidity and NTR are present,
demonstrating improved accuracy as well as excellent fidelity in
fluorescence under a complex organism. In addition, NIR
fluorescence images of HPNs with different treatments were
consistent with their corresponding fluorescence spectra,
highlighting their potential for tumor imaging in vivo (insets
in Figure 1G). In contrast, nonresponsive NPNs displayed
weak fluorescence regardless of different stimuli due to their
insensitivity toward acidic fluctuations, thereby impeding
disassembly and activation by NTR under both acidic and
neutral conditions (Figure S4). The sensitivity of the
fluorescence response of HPNs to subtle pH changes was
further investigated. In the presence of NTR, the fluorescence
intensity of HPNs was negligible when the pH exceeded 6.8.
However, a significant increase in NIR fluorescence was
observed as the pH decreased to 6.6 and complete activation
occurred at pH 6.4, demonstrating distinct fluorescence
activation within a narrow range of 0.4 pH units (Figure
1H,I). In contrast, nonresponsive NPNs exhibited no
significant change in fluorescence under the same conditions
(Figure S5). Furthermore, no significant changes were
observed in DLS sizes even after a period of 30 days following
preparation, thus manifesting the excellent colloidal stability of
HPNs (Figure S6).
The fluorescent responsiveness of HPNs toward various

concentrations of NTR was further investigated at pH 6.4.
Upon incubation with NTR, the fluorescence intensity of
HPNs at 725 nm exhibited a gradual increase and reached
plateaus after the addition of NTR for 20 min at pH 6.4
(Figure S7). Moreover, higher concentrations of NTR led to a
more pronounced enhancement of the fluorescence intensity.
Consistently, as the levels of NTR increased at pH 6.4, the
absorption peak of HPNs showed a gradual bathochromic shift
from 600 to 710 nm (Figure 2A). Simultaneously, the
fluorescence intensity of HPNs at 725 nm gradually increased
with an increasing concentration of NTR, exhibiting favorable
linearity within low concentrations ranging from 0 to 12 μg·
mL−1, with a limit of detection as low as 0.024 μg·mL−1

(Figure 2B,C). Moreover, the selectivity evaluation revealed
that only when exposed to NTR at pH 6.4 did HPNs exhibit a
significant increase in NIR fluorescence. Negligible fluores-
cence was observed in the presence of different potential
interferents, highlighting excellent specificity in complicated
biosystems (Figure 2D and Figure S8). Optical stability studies

showed consistent fluorescence of HPNs under continuous
irradiation, emphasizing their tremendous potential for
dynamically fluorescent monitoring and imaging pathological
progresses in vivo (Figure S9). In brief, HPNs exhibited
excellent cascade activation toward weak acidity and
specifically targeted NTR, which are crucial for achieving
high SBR imaging in vivo and precise identification of tiny
tumors from normal tissues.
Cellular Uptake Imaging
To further evaluate the fluorescence imaging capability of
HPNs in 4T1 and A549 cells, we proceeded to investigate the
cascade-activatable fluorogenic response. First, the biosafety of
HPNs and NPNs was evaluated. The viability of 4T1 and
A549 cells remained above 80% even at a concentration of 10
μg·mL−1 probes, demonstrating their good biocompatibility
(Figure S10). Next, acid pH and NTR orthotropic
fluorescence imaging was studied in cells. To induce various
levels of endogenous NTR expression, cells were preincubated
under hypoxic conditions (1% hypoxia, 5% microanoxia, and
21% normoxia) (Figure 3A). As shown in Figure 3B, treatment
of 4T1 cells with HPNs resulted in negligible fluorescence at
pH 6.4 under normoxia conditions due to the relatively low
expression level of endogenous NTR in normal state 4T1 cells.
In addition, cellular fluorescence gradually increased within the
treated 4T1 cells as the oxygen content decreased at pH 6.4,
which was five times higher than that observed under normoxic
conditions (Figure 3C). Cobalt ion (Co2+) has been proved to
induce microanoxia condition (about 8% O2), which also led
to a slight increase fluorescence intensity. Furthermore,
negligible fluorescence was observed in HPNs-treated 4T1
cells subjected to neutral incubation under hypoxic conditions
due to the restricted nanostructure hindering further activation
of the internal fluorogenic reporter by NTR. As anticipated,
only when exposed to both hypoxia and slightly acidic
treatment did HPNs exhibit activated fluorescence in 4T1
cells. Moreover, an inhibitory study using dicoumarol (Dic) as
an inhibitor of NTR was conducted. The fluorescence signal of
HPNs from Dic-pretreated 4T1 cells was significantly
suppressed upon incubation under hypoxic conditions at pH

Figure 2. In vitro characterization of HPNs at pH 6.4. (A) Absorption
and (B) fluorescence changes to different concentrations of NTR (0−
14 μg·mL−1). (C) The maximum fluorescence intensity increased
with increasing concentrations of NTR (0−28 μg·mL−1). Inset: linear
fluorescence responses toward 0−12 μg·mL−1 of NTR. (D) Selectivity
studies of HPNs at pH 6.4 and 7.4 solution. Ex/Em = 640/725 nm.
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6.4, demonstrating effective inhibition by Dic and highlighting
the high selectivity of HPNs to NTR (Figure 3B). Therefore,
the synergistic stimulation of the tumor acidic environment
and NTR ensures specific imaging and accurate detection in
BC cells. In contrast, 4T1 cells treated with NPNs showed a
negligible increase in fluorescence after hypoxic incubation at
an acidic pH, consistent with their insensitivity toward pH
fluctuations in vitro (Figure 3B). Fluorescence images obtained
from A549 cells treated with HPNs displayed similar trends in
fluorescence signals as those observed in 4T1 cells (Figure
S11). Moreover, cellular fluorescence images obtained from
HPNs-hCy-treated 4T1 and A549 cells at pH 6.4 exhibited
distinct red fluorescence under both hypoxic and normoxic
conditions (Figure S12). Conversely, under hypoxic con-
ditions, the treatment of cells with HPNs-hCy resulted in
relatively negligible fluorescence at pH 7.4, further highlighting
the superiority of the cascade-activated strategy. Therefore,
HPNs enable precise fluorescence imaging for the synergetic
detection of solid tumor-specific slight acidity and hypoxia
conditions, making them suitable for overcoming false-positive
signals encountered by single-activatable probes and achieving
precise tumor imaging.
It is speculated that the protonation and dissociation of

HPNs into small-sized unimers at acidic pH facilitate their

cellular internalization, thereby accelerating intracellular
activation by NTR. To further validate this hypothesis,
always-on nanomicells Ol-PNs were prepared using an
uncaged hCy reporter under optimized conditions. As shown
in Figure S13, intense fluorescence was observed on the
cytomembrane of 4T1 cells after incubation with Ol-PNs for
0.5 h. The fluorescence signal gradually increased within 4T1
cells at pH 6.4, proving the internalization of unimers of Ol-
PNs by 4T1 cells. However, even after 2 h of treatment with
Ol-PNs at neutral pH, the fluorescence remained localized on
the cytomembrane of 4T1 cells. Consistent with expectations,
the protonation and dissociation of nanomicells into positively
charged unimers under acid condition enable their rapid
cellular uptake and facilitate efficient imaging of relevant
tumors.43,44

Penetration in 4T1 Tumor Spheroids

Inspired by the rapid internalization of proposed nanomicells
under acidic pH, we suggested that the protonation and
dissociation of HPNs may facilitate their uptake into solid
tumors. To evaluate the penetrability of HPNs, a three-
dimensional multicellular spheroid (4T1 tumor spheroid) was
cultured under hypoxic conditions to mimic the morphology
and biological microenvironment of solid tumors (Figure 4).

Figure 3. (A) Cartoon illustration and (B) confocal fluorescence imaging of 4T1 cells incubated with HPNs or NPNs (10 μg·mL−1) under
different conditions. a: HPNs in pH 6.4 under normoxic (21% O2) condition; b: HPNs in pH 6.4 under microaerobic (5% O2) condition; c: HPNs
in pH 6.4 under hypoxic (1% O2) condition; d: HPNs in pH 7.4 under hypoxic (1% O2) condition; e: HPNs + inhibitor Dic in pH 6.4 under
hypoxic (1% O2) condition; f: HPNs + CoCl2 in pH 6.4; g: NPNs in pH 6.4 under hypoxic (1% O2) condition. (C) Relative quantitative analysis
of the corresponding fluorescence intensity in (B). Scale bar: 25 μm. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Upon incubation with HPNs at pH 7.4, slight fluorescence was
observed in the peripheral region of the 4T1 tumor spheroid
(Figure 4A). Surprisingly, upon treatment with HPNs at pH
6.4, significant fluorescence was detected within the tumor
spheroid. Z-stack scanning fluorescence images revealed that
even at a depth of 60 μm inside the tumor spheroid, the
fluorescence signal remained strong, exhibiting over a three-
fold higher intensity compared to that observed in HPNs-
treated tumor spheroid at pH 7.4, proving remarkable
penetration capability of small-sized unimers (Figure 4B,C).
In contrast, negligible fluorescence was observed in NPNs-
treated tumor spheroids at both neutral and acidic pH due to
limited penetration caused by their large size (Figure 4A,B).
Therefore, through its size-switchable property, UPS nanop-
robe HPNs effectively enhance penetration into interior
regions of tumors as well as specific activation by high levels
of NTR, further achieving sensitive and accurate imaging for
solid tumors. This finding encourages further investigation into
its promising potential for detecting BC and lung metastasis
through in vivo imaging.
In Vivo Imaging of 4T1 Tumor-Bearing Mice

Inspired by the effective penetrability and cascade responsive-
ness of HPNs in vitro, our subsequent focus shifted to
evaluating the in vivo imaging performance of HPNs. The
nanoscale size and PEGylation of HPNs enable prolonged
circulation in the bloodstream and improved passive
accumulation in solid tumors through the EPR effect. First,
the tumor accumulation and imaging performance of HPNs

Figure 4. Permeability profile of HPNs and NPNs. (A) and (B) Z-
stack scanning of 4T1 tumor spheroids treated with HPNs and NPNs
at pH 7.4 or 6.4 for 8 h. (C) Semiquantitative fluorescence analysis in
(A) in the Z-stack scanning distance. Scale bar: 100 μm. *P < 0.05,
**P < 0.01, and ***P < 0.001.

Figure 5. Fluorescence tracking of the programmable stimulus activation in a 4T1 subcutaneous xenografted tumor model. (A) Timeline for the
construction of implantation of 4T1 tumor-bearing mice and time-dependent imaging. (B) In vivo fluorescence imaging of different treatment
groups. a: HPNs; b: NPNs; c: hCy-NO2. Red circles: the tumor region. (C) Quantification of fluorescence intensities in (B). (D) Ex vivo imaging
of different treatment groups after 48 h. Ex/Em = 675/740 nm. *P < 0.05, **P < 0.01, and ***P < 0.001.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00356
JACS Au 2024, 4, 2606−2616

2611

https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00356?fig=fig5&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were investigated in a 4T1 subcutaneous xenografted tumor
model (Figure 5A). As shown in Figure 5B, specific
fluorescence was observed exclusively within the tumor regions
following intravenous (i.v.) injection of HPNs, with the
fluorescence signal gradually increasing over time until
reaching the maximum at 36 h postinjection. Meanwhile,
negligible fluorescence was observed outside of these regions
due to both the EPR effect and the cascade-activated behaviors
of HPNs, highlighting their superiority in effectively reducing
background signal and identifying BC tumors. In contrast,
mice treated with NPNs displayed significantly weaker
fluorescence signals within the tumor regions, consistent with
the results of in vitro studies. Additionally, mice were
pretreated intratumorally (i.t.) with NaHCO3 or Dic to
individually modulate the acidity or NTR activity within
tumor tissues. As anticipated, both groups showed substantial
suppression of fluorescence signals (Figure S14). Furthermore,
no obvious fluorescence was observed within the tumor
regions following i.v. injection of small-molecule reporter hCy-
NO2, due to its limited accumulation in tumors and rapid
clearance from the liver. Notably, compared with hCy-NO2 at
all monitoring times, HPNs showed significantly higher levels
of accumulation within tumor tissues. The fluorescence
quantitation revealed that NIR fluorescence in the tumor
regions of mice treated with HPNs was four times higher than
that of mice treated with other substances at 36 h
postinjection. This finding highlights the advantageous
cascade-activated behaviors of HPNs, enabling the highly

sensitive detection and precise imaging of BC tumors (Figure
5C). At 48 h postinjection, the mice were euthanized for
subsequent ex vivo fluorescence imaging of major organs and
tumors. In line with the findings from in vivo imaging, there
was a substantial increase in NIR fluorescence in tumors from
the mice treated with HPNs compared to other groups (Figure
5D). In conclusion, HPNs serve as cascade-activated nano-
micells that maintain nonfluorescence during blood circulation
but exhibit specific fluorescence signals for highly accurate
diagnosis of BC tumors.
HPNs were further utilized for imaging an orthotopic BC

model in vivo, which provided a more realistic BC micro-
environment (Figure 6A). As illustrated in Figure 6B,C, upon
i.v. injection of HPNs, the orthotopic 4T1 tumor exhibited
bright fluorescence at 4 h postinjection. The fluorescence was
persistently enhanced over time and reached a maximum
approximately two times higher than that of the control group
at 36 h, indicating effective imaging performance in an
orthotopic 4T1 tumor with a high SBR (Figure 6C). In
comparison, weak fluorescence signals were observed in the
tumor regions of NPNs-treated mice during 24 h postinjection.
Nonspecific activation and fast hepato-enteric metabolism of
small-molecule single-activatable hCy-NO2 failed to achieve
high-contrast imaging of orthotopic BC tumors (Figure 6B). In
addition, weak fluorescence was observed in NaHCO3 and
Dic-pretreated mice, demonstrating that nanomicells HPNs
maintained silent in tumors due to unfinished cascade behavior
(Figure S15). Further investigation into imaging effects on

Figure 6. Fluorescence tracking of the programmable stimulus activation in the primary 4T1 BC cancer model. (A) Timeline for the construction
of implantation of primary 4T1 tumor-bearing mice and time-dependent imaging. (B) In vivo fluorescence imaging of different treatment groups. a:
HPNs; b: NPNs; c: hCy-NO2. Red circles: the tumor region. (C) Quantification of fluorescence intensities in (B). (D) Ex vivo imaging of different
treatment groups after 48 h. Ex/Em = 675/740 nm. *P < 0.05, **P < 0.01, and ***P < 0.001.
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orthotopic BC tumors confirmed high accumulation and
specific fluorescence activation through captured ex vivo
images (Figure 6D). Therefore, the eminent performance of
HPNs mainly benefited from the cascade ultrasensitive pH
response and NTR activation capabilities, ensuring low
background signal and high SBR at 4T1 orthotopic tumors.
Clearly, this intelligent scenario can be achieved through the
combined utility of size-switchable delivery in the tumor
microenvironment, efficient intracellular internalization, and
programmable NTR-specific activation strategy in the site-
specific cascade-activation design, which holds promising
potential for achieving high-contrast and precise imaging in a
4T1 orthotopic tumor model.

In Vivo Investigation of the Lung Metastatic Breast Cancer
Model for HPNs

Accurate detection of tiny peritoneal lung metastases is crucial
for the early diagnosis and timely treatment of BC. Inspired by
the superior in situ imaging performance of proposed
nanomicelles HPNs in a primary BC model, we further
investigated their specific precision imaging capabilities in a BC
lung metastatic mouse model established by i.v. injection of
4T1-luciferase cells (Figure 7A). Bioluminescence (BL)
imaging was initially performed to monitor the presence and
location of lung metastases. Healthy mice were used as the
control group. Both healthy mice and mice bearing lung
metastasis were administered HPNs via tail vein injection. As
shown in Figure 7B, the NIR fluorescence image clearly
illuminated occult metastases focus, accurately pinpointing

Figure 7. Fluorescence tracking of the programmable stimulus activation in lung metastatic breast cancer model. (A) Timeline for the construction
of implantation of lung metastasis-bearing mice and time-dependent imaging. (B) In vivo fluorescence imaging of different treatment groups. (C)
Ex vivo bioluminescence and fluorescence images and (D) H&E analysis of the dissected metastatic tumor tissues. (E) Quantification of
fluorescence intensities in (B). Ex/Em = 675/740 nm. (F) The reconstructed three-dimensional (3D) images of lung metastasis-bearing mice. The
green signals: bioluminescence signal; the red signals: fluorescence signal. *P < 0.05, **P < 0.01, and ***P < 0.001.
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their locations that corresponded to BL signals observed in vivo
from tumor metastases. This exceptional performance high-
lights the ability of cascade-activatable fluorogenic nano-
micelles HPNs to identify sites of metastasis. Furthermore,
NIR fluorescence gradually increased over time and reached
considerable brightness at 7 h within the lung region;
conversely, a negligible fluorescence signal was observed in
healthy mice (Figure 7B). Additionally, ex vivo imaging of
harvested lung tissues from mice bearing lung metastasis
revealed precise localization through overlapping of the BL and
fluorescence signals from HPNs (Figure 7C). Histological
morphology (H&E staining) further confirmed that these
signals corresponded to tumor nodules (Figure 7D).
Immunohistochemical staining with HIF-α and MCT-4
revealed that the metastasis foci exhibited higher levels of
hypoxia and acidity compared to the adjacent normal lung
tissue, thereby indicating pH and NTR cascade activation of
HPNs toward lung metastases foci (Figure S16). Therefore,
HPNs facilitated clear visualization of lung metastatic nodules
with minimal background signals, thus showcasing their
exceptional ability to distinguish metastatic sites from adjacent
normal tissues. Quantitative analysis revealed a two-fold
increase in lung fluorescence intensity in BC lung metastasis
mice compared to healthy mice at 5 h, illustrating the efficacy
of HPNs for detecting lung metastases (Figure 7E). These
results convincingly proved that due to effective programmable
stimulus activation within an acidic tumor environment and
overexpressed NTR, HPNs hold significant potential for
achieving remarkable SBR imaging and accurate diagnosis of
lung metastases in vivo.
The reconstructed three-dimensional (3D) images were

acquired to investigate the specific targeting imaging of HPNs
toward lung metastatic foci by the IVIS Spectrum imaging
system. Co-localization analysis was performed on the NIR
fluorescence signals emitted by HPNs (red), the BL signals
emitted by 4T1-uc tumors (green) in metastatic nodules and
anatomical profiles of mice to evaluate the performance of
specific metastasis targeting imaging (Figure 7F and Figure
S17). Remarkably, in vivo multi-channel imaging profiles
readily detected red fluorescence signals at metastatic sites in
the lung tissues, which exhibited a significant overlap with BL
signals from metastatic nodules (white circle), indicating a
specific and efficient targeting of HPNs toward pulmonary
metastasis. These observations were also clearly discernible in
the reconstructed 3D movies. In addition, H&E staining,
hemolysis analysis, and body weight measurement showed no
significant physiological abnormalities under different treated
mice, demonstrating the biosafety of HPNs for in vivo imaging
applications (Figures S18−S20). These results strongly
demonstrate site-specific activation and effective targeting of
HPNs toward metastatic nodules, enabling real-time tracking
of pulmonary metastasis.

■ CONCLUSIONS
In summary, we have developed a cascade activation strategy
for real-time tracking of orthotopic BC and pulmonary
metastasis. By loading NTR-activated fluorogenic reporters in
UPS block copolymers, we successfully designed a site-specific
cascade-activatable NIR fluorogenic nanoprobe HPNs. Due to
the ultrasensitive pH response features, HPNs transform into
unimers within the acidic tumor microenvironment and exhibit
significant fluorescence upon high levels of NTR activation,
enabling accurate identification of BC lung metastasis. More

importantly, the cascade activation strategy ensures that HPNs
remain inactive in the blood circulation and healthy tissues,
effectively reducing the background signal and significantly
improving the fidelity of the fluorescent signal. The program-
mable activation ability of HPNs effectively addresses the issue
of low accuracy and reliability associated with the single-
stimulus strategy, thereby achieving ultrahigh SBR imaging and
precise diagnosis of orthotopic BC tumors as well as their lung
metastatic foci in vivo. These efforts not only provide a
potential platform for accurate diagnosis of BC tumors and
lung metastases but also offer a promising strategy for scaling
up construction of superior probes to identify elusive lesions
and facilitate therapy.
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