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ABSTRACT

Lung cancer, as one of the major diseases that endanger human health, has a very high fatality rate. Conse-
quently, effective evaluation of clinical treatment outcomes for lung cancer is crucial for the formulation of
subsequent treatment plans for patients. In this work, we utilized amorphous calcium carbonate nanoparticles
(CaCO3 NPs) as sources of calcium ions (Ca2+) to develop CPs (CaCO3@PDA) core-shell nanoprobes. Concur-
rently, we functionalized the surface of gold nanoparticles with Cy5.5-peptide, AS1411, and (4-amino-
sulfonylphenyl) boronic acid (4-APBA) to produce APAAs (Au NPs@pep-AS1411-(4-APBA)), which were further
assembled with CPs using PEG to construct an innovative explosive nanosensor, CPAs (CaCO3@PDA-APAAs).
The CPs component of the nanosensor could cause the release of a substantial amount of Ca** in response to the
tumor microenvironment (TME), which in turn induced cellular Ca?* overload and subsequent apoptosis. This
event triggers caspase-3 activation, causing the cleavage of a specific peptide sequence (DEVD), resulting in the
fluorescence signal being reinstated. Additionally, the 4-APBA moiety on the probe interacted with HzO2
resulting in alterations in surface-enhanced Raman spectroscopy (SERS) signals, which aided in the detection of
reactive oxygen species (ROS) during the physiological processes. By utilizing atomization, the nanoprobes were
strategically deposited in the affected lung regions to enhance the fluorescence imaging capabilities and effec-
tively mirror the therapeutic outcomes. Overall, the CPAs explosive nanosensor has a potential in advancing the
non-invasive visual monitoring of lung cancer prognosis and can be a valuable tool in ongoing efforts to improve
the management of this challenging disease.

1. Introduction

evaluation of clinical treatment outcomes in lung cancer [11,12]. These
strategies are essential for informing and adjusting subsequent treat-

Lung disease, particularly lung cancer, represents a major health
challenge, as it is one of the most common cancers and the leading cause
of cancer-related deaths worldwide [1,2]. Currently, surgery, radio-
therapy, and chemotherapy are the cornerstone of lung cancer treatment
[3]. However, the prognosis of the disease plays a crucial role in influ-
encing survival rates of patients. Despite their significant advancements,
the application of traditional diagnostic modalities such as computed
tomography (CT) and magnetic resonance imaging (MRI) are still
limited due to the risks of high radiation exposure and the complexity of
quantitative analysis, the factors that render them as less suitable for
frequent and direct prognosis evaluation [4-10]. Therefore, it is crucial
to develop more intuitive and effective strategies for the precise
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ment plans, timely modifying patient treatment regimens, and ulti-
mately improving patient survival rates [13-15].

Fluorescence imaging (FI) emerges as a promising candidate in this
regard, owing to its cost-effectiveness, exceptional local imaging capa-
bilities, and compatibility with nanosensor integration, and for these
reasons, it is frequently utilized in disease diagnosis and monitoring
[16-18]. Advancements in nanotechnology have ushered in an era of
innovative nanoprobes with drug delivery capability through self-
assembly or electrostatic adsorption to enable the modulation of vital
cellular processes such as oxidative stress and apoptosis [19-22]. These
processes, which are often marked by changes in biomarker levels, have
underscored the critical role of precise biomarker detection. Moreover,
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conjugating fluorescence molecules with nanosensors can enhance the
utilization of FI and promote its advancement in the disease diagnosis
and evaluation.

One of the challenges in biomedical diagnostics is the simultaneous
monitoring of cellular apoptosis and oxidative stress, both of which are
crucial for the understanding of disease progression [23,24]. To address
this issue, we developed an innovative visual platform that can
concurrently detect caspase-3 and hydrogen peroxide (H205), which are
the markers of apoptosis and oxidative stress, respectively [25-28]. The
assessment of cellular physiological states also necessitates the
involvement of various ions prevalent in the physiological environment
[29,30]. The metabolism of metal ions plays a vital role in numerous
physiological processes, as the homeostasis of calcium ions (Ca?™) can
affect the cellular oxidative balance. Abnormal accumulation leads to
Ca* overload that can disrupt this homeostasis and result in increased
levels of reactive oxygen species (ROS), which can ultimately lead to cell
apoptosis [31,32]. In this study, we leveraged this physiological process
by using pH-responsive amorphous calcium carbonate nanoparticles
(CaCOs3 NPs) as one of the components of our probes. These CaCO3 NPs
can respond to the weakly acidic environment of the tumor microenvi-
ronment (TME) by releasing Ca®* and CO5 and thus can act as an
exogenous source of Ca?' and indicators for detecting changes in
caspase-3 and Hy0- levels during autogenous physiological processes.

To enhance its biocompatibility, CaCO3 NPs were modified with a
polydopamine (PDA) shell. When CaCO3 NPs@PDA (CPs) were in an
acidic environment, an explosive-like reaction occurs, resulting in the
release of a large amount of Ca®". The surface of gold nanospheres was
modified with AS1411 (a tumor-targeting moiety), Cy5.5-pep, and
surface-enhanced Raman spectroscopy (SERS) signaling molecules 4-
APBA (a HyOy-responsive moiety) to form APAAs (Au NPs@pep-
AS1411-(4-APBA)). These nanoparticles were assembled with poly-
ethylene glycol (PEG) to create an explosive nanosensor, namely CPAs.
CPAs could be administered noninvasively through atomization, which
could allow for efficient enrichment of the nanoprobes in the lungs. The
fluorescence of Cy5.5 was quenched due to the Forster resonance energy
transfer (FRET) effect and was only recovered after caspase-3 activation
and peptide chain cleavage. This process enables the effective visual
evaluation of the treatment and prognosis. Additionally, the introduc-
tion of CPs allows for a significant link between TME-induced Ca%*
overload and imaging. The TME-responsive explosive nanosensor CPAs
with imaging capabilities can be employed to facilitate the evaluation of
the prognostic efficacy of pulmonary diseases.

2. Materials and methods
2.1. Synthesis of CPs

Initially, 1 mL of 2 mg/mL synthesized CaCO3 NPs (see Supporting
Information) was prepared [33]. The NPs were then uniformly dispersed
in 50 mL of Tris-HCI buffer solution (10 mM, pH 8.5). While stirring, 10
mL of dopamine hydrochloride (0.5 mg/mL) was incrementally added to
the dispersion. The mixture was then stirred vigorously for 4 h to allow
for the polymerization of dopamine on the surface of CaCO3 nano-
particles to form a polydopamine (PDA) coating. Following the
completion of the reaction, CPs were isolated by centrifugation at 8000
rpm for 10 min and subsequently washed to remove any unreacted
substances. The final product was re-dispersed in ultrapure water for
further characterization or application.

2.2. Synthesis of CPAs (CPs-APAAs)

To begin with, 5 mL of 2 mg/mL CPs was thoroughly mixed with 20
mL of 2 mg/mL APAA solution (see Supporting Information). Subse-
quently, 60 pL of HS-PEG-NH: (1.0 mM) was added to the mixture to
facilitate the conjugation process. The mixture was then continuously
stirred for 12 h at ambient temperature to ensure the efficient binding of
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HS-PEG-NH: to the nanoparticles. After the reaction was complete, CPAs
were isolated by centrifugation at 8000 rpm for 10 min. The pellet ob-
tained was washed to remove any unbound reactants and finally re-
dispersed in ultrapure water for subsequent use or analysis.

2.3. Invitro sensing of caspase-3 by CPAs

The CPAs probe was dispersed in a reaction buffer (300 pL, pH 7.2)
comprising 50 mM HEPES, 10 mM EDTA, 50 mM NacCl, 5 % glycerol, and
0.1 % CHAPS to a concentration of 100 pg/mL. The solution was then
incubated with 200 ng/mL caspase-3 at 37°C. To determine the optimal
reaction time, the fluorescence intensity was recorded after 5, 10, 20,
30, 60, and 90 min, with 60 min being the ideal duration that led to peak
fluorescence intensity. The response of CPAs to caspase-3 at various
concentrations (0 to 500 ng/mL) was also investigated under the same
conditions, and the fluorescence was measured after 60 min of incuba-
tion. Specificity and interference resistance tests were conducted by
incubating CPAs with a variety of biomolecules and substances,
including MUC1 protein, various miRNAs (miRNA21, miRNA105,
miRNA210), CES1, ALP, BChE, BSA, glucose, and caspase-3 combined
with its specific inhibitor Z-DEVD-FMK at 37°C. The concentration of
miRNAs was 20 pM, whereas that of other potential interferents was
200 ng/mlL. The effect of 50 pM Z-DEVD-FMK on the CPAs-caspase-3
system was also assessed. Lastly, the storage stability of CPAs was
evaluated under different storage conditions, by which the fluorescence
response was examined after storage for 1, 3, 5, and 7 days at temper-
atures of 25°C, 37°C, 45°C, and 55°C, to assess the probes’ reliability
over time.

2.4. Invitro sensing of H202 by CPAs

Initially, the CPAs probe at a concentration of 100 pg/mL (diluted in
600 pL of water), was reacted with 1 mmol/L HyO5 at 25°C. The SERS
signal of the reaction was then recorded after 5, 10, 30, 60, 90, and 120
min, and the optimal reaction time was determined (which was found to
be 60 min). Subsequently, CPAs were exposed to HyO at various con-
centrations (0 to 1000 uM) under the same conditions for 60 min. The
SERS signal intensity of the mixture was then measured in order to
evaluate the probes’ sensitivity to HyO5. To assess its specificity and
interference resistance, the CPAs probe was incubated with potential
interferents including MUC1 protein, miRNAs (miRNA21, miRNA105),
BSA, and ions (Ca?", CN", Cu®"), as well as ALP, BChE, glucose, and
caspase-3. The concentrations of the interferents used for the tests were
as follows: 20 pM for miRNAs, 10 mM for ions, and 200 ng/mL for other
substances. The SERS signals were subsequently analyzed in order to
confirm the probes’ specificity and anti-interference capabilities and
ensure its accuracy in HyO5 detection in complex biological matrices.

2.5. Cell imaging applications

Initially, the optimal incubation time for A549 cell imaging was
determined through a time-course experiment. Cells were incubated
with 100 pg/mL probe for various durations: 6, 12, 24, and 36 h. Based
on the fluorescence signal intensity, a 24-h incubation period was
selected. Subsequently, A549 cells were treated for 24 h with APAAs,
APAAs plus cis-platinum (CDDP), CPAs, and CPAs plus Z-DEVD-FMK at
the following concentrations: 100 pg/mL for APAAs and CPAs, 20 pM for
CDDP, and 50 pM for Z-DEVD-FMK. Cells in the APAAs + CDDP group
acted as the positive control, while untreated cells served as the negative
control. Fluorescence imaging was then performed at an excitation
wavelength of 670 nm.

2.6. In vivo imaging applications

Among them, the control group was set as mice without tumor after
inhalation of CPAs for imaging. Meanwhile, tumor-bearing mice were
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exposed to atomized CPAs (200 pg/mL, 8 mL) via an atomizing device.
After inhalation, the mice were anesthetized with isoflurane and then
subjected to fluorescence imaging after 1, 2, and 3 h; and the imaging
efficacy was evaluated thereafter. APAAs alone and in combination with
CDDP (APAAs: 200 pg/mL, 8 mL; CDDP: 20 uM) were also atomized and
administered to another set of tumor-bearing mice; and this was fol-
lowed by fluorescence imaging. To assess the pulmonary localization
efficiency via inhalation, Cy5.5-labeled CPs (200 pg/mL, 50 pL) were
administered intravenously through the tail vein. Fluorescence imaging
was carried out post-anesthesia to allow for a comparative analysis be-
tween inhalation and intravenous injection based on organ imaging
results.

3. Results and discussion
3.1. Synthesis and characterization of CPAs

The synthesis of CPAs is depicted in Scheme 1, with the initial step
involving the production of CaCO3 NPs via the gas diffusion method. The
SEM image revealed that CaCO3 NPs exhibited a uniform and mono-
disperse distribution, had milky white appearance in ethanol (Fig. S1),
and had an average size of 95.2 + 0.8 nm (Fig. S2A). Subsequent
modification with PDA under alkaline conditions not only enhanced the
water dispersion capabilities of NPs but also caused their color to change
to brown, as evidenced in Fig. S1. This surface modification was further
confirmed by the change in zeta potential to —12.6 mV (Fig. 1H), which
was indicative of the presence of PDA shell. At the same time, in order to

CaCl, l==o "\ DA
Ethanol . J
e

CaCO; NPs

p ™\ Cy5.5-pep ;
\." AS1411

Exploswe

release e\

@  4APBA

? f;"

4-APBA

Caspase-3

Chemical Engineering Journal 496 (2024) 153747

explain the collapse of CaCOg structure in CPs under acidic conditions,
we treated CPs (PBS, pH 6.8, 1 h) and characterized with SEM. The re-
sults showed (Fig. S3) that NPs treated under acidic conditions showed
obvious structural damage, which also confirmed the response of CPs to
acidic environment. At the same time, in order to further proved the
structural stability of the probe, we treated the probe with cell culture
medium and conducted TEM imaging. The results were shown in Fig. 54,
and the detection results of UV-vis absorption spectrum also proved that
the complex environment did not affect the structural stability of the
probe.

The synthesis of 20 nm Au NPs was achieved by reducing chloroauric
acid with sodium citrate, which yielded wine-red nanoparticles with a
zeta potential of —12.3 mV. These NPs, as shown in the TEM image
(Fig. 1B), had an average size of 20.4 + 0.2 nm (Fig. S2). The
enhancement of stability of Au NPs was achieved through the modifi-
cation with mPEG-SH, followed by the conjugation with Cy5.5-pep and
AS1411 to form APAs. The functionalization process was successful, as
evidenced by the shift in the zeta potential to —25.4 mV (Fig. 1H), which
was the signal for the successful attachment of the negatively charged
molecules. Further modification with 4-APBA to obtain APAAs. The
experimental results showed that APAAs was same as APAs, there was
no significant change in the position of UV-vis peak. The zeta potential
of APAAs changed slightly to —23.7 mV (Fig. 1F, H).

The final assembly of CPAs, which involved the mixing of CPs,
APAAs, and HS-PEG-NH,, was confirmed by TEM analysis (Fig. 1C). The
analysis revealed the distribution of APAAs on the CP surface, causing
CPAs to have an average size of approximately 200 nm and a zeta

NH,-PEG-SH

CPAs

Scheme 1. Schematic illustration of the synthesis process and application of CPAs.
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Fig. 1. Scanning electron microscopic (SEM) image of (A) CaCO3 NPs (scale bar: 500 nm). Transmission electron microscopic (TEM) images of (B) Au NPs (scale bar:
50 nm) and (C) CPAs (scale bars: 300 nm and 200 nm). (D) Elemental mapping of CPAs. UV-vis absorption spectra of (E) CaCOs NPs and CPs, (F) Au NPs, APAs,

APAAs, and CPAs. (G) XPS spectrum of CPAs. (H) Zeta potential of CPs, Au NPs,

potential of —9.4 mV. Elemental analysis (Fig. 1D and S5) confirmed the
presence of key elements (C, O, Ca, Au), which validated the successful
synthesis of CPAs. This was further supported by XPS data (Fig. 1G and
S6), which detailed the elemental composition and corroborated the
effectiveness of the synthesis method. Notably, the APAAs modification
resulted in a discernible change in the UV-vis peak of the nanoparticles
(Fig. 1F), along with a transformation in color to black-purple (Fig. S1),
which collectively confirmed the successful synthesis of CPAs.

3.2. In vitro sensing ability of nanosensors

Detection of caspase-3: To augment the imaging capability of the Ca%*
overload detection nanoprobes, Cy5.5-pep, which could be recognized
by caspase-3, was conjugated to the nanoparticles. This design leveraged
the FRET phenomenon, where Cy5.5 fluorescence was quenched by
adjacent Au NPs. Upon caspase-3 activation, which caused the cleavage
of the peptide linker, the fluorophore was released, leading to the
restoration of fluorescence. This mechanism was emulated by

APAs, APAAs, and CPAs.

introducing caspase-3 to simulate its activation during Ca®* overload-
induced apoptosis to facilitate the in vitro fluorescence sensing of CPAs
in a solution.

An initial investigation into the influence of reaction time on the
fluorescence ratio (Fr) revealed a time-dependent increase in Fg values
(Fr = (F — Fy)/Fp), where F represented the post-reaction fluorescence
intensity and Fy was the control fluorescence intensity without enzyme.
A plateau in fluorescence signal intensity was observed at 60 min, an
indication that the optimal reaction time for maximal signal recovery is
60 min (Fig. 2A). Subsequent experiments, in which caspase-3 concen-
tration was varied, demonstrated a concentration-dependent increase in
Fr when the caspase-3 concentration was within a 0-500 ng/mL range.
A linear relationship was observed at caspase-3 concentrations between
0 and 100 ng/mL, and the limit of detection (LOD) was 0.208 ng/mL (S/
N = 3), which is comparable to that of the probes reported in the
literature (Fig. 2B-C) [34,35].

The selectivity of the nanoprobes to caspase-3 was further validated
by substituting caspase-3 with various biomarkers and observing
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Fig. 2. (A) Time-dependent Fy response of CPAs in the presence of caspase-3 at 37°C. (B) Fluorescence spectra of CPAs in the presence of caspase-3 with increasing
concentrations from 0 to 500 ng/mL and (C) the corresponding Fr response. The inset displays the linear relationship between Fr and caspase-3 concentration. (D)
Selectivity of CPAs towards various enzymes and substances (a: Mucin-1 (MUC1); b: miRNA21; c: miRNA105; d: miRNA155; e: carboxylesterase 1 (CES1); f: alkaline
phosphatase (ALP); g: butyryl cholinesterase (BChE); h: bovine serum albumin (BSA); i: glucose; j: caspase-3 + inhibitor (Z-DEVD-FMK); k: caspase-3). The error bars
represent standard deviation (n = 3). Fr plot of nanoprobes upon treatment with caspase-3 under different conditions. (E) Time. (F) Temperature.

negligible fluorescence response, the indication of minimal interference.
Notably, co-incubation with Z-DEVD-FMK (a caspase-3 inhibitor)
markedly diminished the fluorescence signal, and this underscored the
specificity of the probe to caspase-3 (Fig. 2D). Moreover, the robustness
of CPAs was evaluated through repeated co-incubation experiments
with caspase-3 under varying temporal and thermal conditions (Fig. 2E-
F). These tests confirmed the high stability of the nanoprobe, which is
essential for its applications.

Detection of H202: To achieve concurrent detection of Hy0,, the

compound pivotal to the Ca?" overload scenarios, CPAs were func-
tionalized with a SERS-active molecule, 4-APBA. The functionalization
enabled the direct observation of the interaction between HyO45 and 4-
APBA, which manifested as a distinct Raman peak at 870 em™ !, and
allowed for the high sensitivity of the probe to HyO5 (Fig. 3A). Temporal
analysis of the SERS signal intensity revealed a progressive increase of
the signal until stabilizing at 60 min. This time point was thus selected in
subsequent in vitro reactions, where H»O5 at varying concentrations was
introduced to the nanoprobes. A concentration-dependent amplification
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Fig. 3. (A) Time-dependent I response of CPAs in the presence of H,O; at 25°C. (B) SERS signal of CPAs in the presence of HyO, with increasing concentrations from
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of the SERS signal was observed when HyO5 concentrations were within
a 0-1000 pmol/L range. This illustrates the probes’ capacity to accu-
rately detect HyO; levels (Fig. 3B-C). Further selectivity assays under-
scored the specificity of CPAs to HyO,, which allows it to distinguish
H20; from other potential biological interferents (Fig. 3D). This speci-
ficity is crucial for reliable detection of HyO, within the complex
biochemical milieu of physiological processes. At the same time, the
results of Fig. S8 also prove that as a probe for ROS detection, its per-
formance was relatively stable, which was conducive to subsequent
applications.

Collectively, the findings underscore the dual-functionality of CPAs:
the detection of both caspase-3 and H05. This dual detection capability
not only can enhance the utilization of CPAs in biomarker monitoring
but also can signify their potential applicability in real-time monitoring
of physiological processes. The ability to simultaneously track these
biomarkers of CPAs can open new avenues for the understanding of the
intricate dynamics of Ca?" overload and its associated cellular re-
sponses, making them a valuable tool for biomedical research and
diagnostics.

3.3. Sensing of Hy03 in cell lysates

Real-time monitoring of HyO> is imperative due to its role as a vital
physiological indicator. In this vein, we employed CPAs to evaluate
H20; levels in cell lysates, aiming to validate the applicability of
nanoprobes in live-cell applications. The Hy05 detection principle of
CPAs is depicted in Fig. 4A, which highlights the probe’s responsiveness
to HpO5. Initial experiments focused on HyO5 produced in tumor cells, as
triggered by phorbol-12-myristate-13-acetate (PMA). PMA is known to
activate cellular redox signaling pathways, which lead to oxidative
stress. As illustrated in Fig. 4B, CPAs could detect a marked increase in
H0; levels upon PMA stimulation. The result confirms the probes’
sensitivity to endogenous H20,. Building upon this, we explored HyO4

modulation in response to various treatments, including different
nanoparticles and cis-platinum (CDDP, a chemotherapeutic agent). The
data (Fig. 4B), indicated elevated H;O- levels, which underscores the
impact of therapeutic agents on cellular oxidative states. Furthermore,
the applicability of CPAs was extended beyond A549 cells, as demon-
strated by successful HyO- detection in lysates from two additional
tumor cell lines. In addition, in order to further proved the applicability
and ability of the probe to detect ROS, we designed a cell lysate labeling
experiment to allow the probe to detect H>O in a complex environment.
The specific experimental results were shown in Table S1. This versa-
tility emphasizes the broad application range of the probe across diverse
cell types.

3.4. Evaluation of cytotoxicity

Before cell imaging experiments, we explored the cytotoxicity of
nanoprobes on A549 cells. The cell activity was detected by CCK-8 assay.
The cells were treated with different concentrations of probes at
different time (12, 24 h): APAAs, CPAs (12.5, 25, 50, 100, and 200 pg/
mL); all of which showed no significant effect on cell survival. As shown
in Fig. SOA, when the nanoprobe concentration reached 100 pg/mL (24
h), the cell survival rate was also higher than 83%. This result suggested
that the nanoprobes, at concentrations suitable for imaging applications,
had no significant impact on cell viability. Fig. S9B showed that the
introduction of CPs in CPAs leads to a significant decrease in cell
viability, which corresponded to the result that Ca?* overload induced
cell death. The effect of CPAs on cell viability was demonstrated. This
favorable cytotoxicity profile paves the way for further investigation on
their intracellular utilization in detail, with an aim to enable the real-
time monitoring of cellular processes with minimal perturbation to the
cellular environment.
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3.5. Cell imaging applications

Lung cancer poses a serious threat to human life and health, thereby
necessitating the development of advanced diagnostic tools for real-time
monitoring of cancer cell physiology. In this context, CPAs, equipped
with CaCO3 NPs, could be a promising tool for probing the tumor
microenvironment. As depicted in Fig. 6A, the nanoprobes responded to
the unique conditions within the tumor by potentially triggering intra-
cellular Ca?* overload. This induced the activation of the caspase
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pathways, which in turn led to cell apoptosis. Crucially, CPAs enabled
the real-time imaging of caspase-3 activity, a key player in the apoptotic
process, and provided valuable insights into the cellular response to
cancer therapies.

To validate the hypothesis that CPAs could detect caspase-3 activa-
tion via Ca®" release, A549 lung cancer cells were incubated with the
nanoprobes. First, the incubation time was optimized, and the results
were shown in Fig. 5A-B. And 24 h was selected as the incubation time.
The observed fluorescence signals (Fig. 6B), confirmed the activation of
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caspase-3 in response to Ca2t surges. To enhance the reliability of these
findings, additional experiments were conducted using APAAs and
APAAs combined with cisplatin (CDDP), which was a chemotherapeutic
agent known to induce apoptosis. CDDP-treated cells, which was served
as the positive control for chemotherapy efficacy, caused significant
fluorescence enhancement. This observation underscored the sensitivity
of the nanoprobes to the apoptosis markers (Fig. 6B-C). The introduction
of Z-DEVD-FMK, a caspase-3 inhibitor, further confirmed our findings,
as it significantly diminished the fluorescence signal. This affirms the
specificity of CPAs towards caspase-3 activity.

In addition to fluorescence imaging, cell viability assays using cal-
cein AM/propidium iodide (PI) staining and scratch migration tests were
performed on different treated cells. The results (Fig. 6D-F) revealed
minimal impact of the probes on cell viability in the absence of CaCO3
NPs. However, the introduction of CaCO3 NPs led to a marked reduction
in cell activity and viability, which aligns with the hypothesized
mechanism of Ca?* overload-induced apoptosis. These comprehensive
analyses highlight the potential of CPAs as not only a diagnostic tool for
lung cancer but also a method for evaluating therapeutic efficacy. They
also lay the groundwork for the adoption of CPAs in clinical and research
environments dedicated to cancer treatment and monitoring.

3.6. Hemolysis assay

In the transition to in vivo imaging applications following successful
cell imaging, assessing the biocompatibility of the nanoprobes is crucial.
Thus, a hemolysis assay was conducted as a preliminary evaluation. The
results, depicted in Fig. S10, demonstrated minimal hemolytic activity,
affirming the biocompatibility of the probes. This finding supports the
feasibility in advancing into in vivo imaging studies with these
nanoprobes.

3.7. In vivo imaging applications

Building on the promising outcomes of cell imaging studies, we
carried out in vivo experiments to explore the ability of the nanoprobes
in visualizing lung cancer in a mouse model. Traditional approaches
often rely on tail vein injections for probe delivery, which can lead to
suboptimal accumulation of probes in the target tumor site. To address
this issue and enhance the probe delivery to the lungs, we employed an
atomization technique, which is a technique that allows for direct
inhalation of the nanoprobes by mice, for more effective localization and
enrichment within the lung tissues.

We established an in-situ lung cancer mouse model for this purpose,
as depicted in Fig. 7A. The experimental setup is illustrated in Fig. 7B.
Different formulations, including APAAs combined with cisplatin
(CDDP) and CPAs, were administered to mice via atomization before
imaging. Non-tumor mice that inhaled CPAs served as the negative
control, exhibited negligible fluorescence, as shown in Fig. 7C. The
addition of CDDP with an intention to validate the chemotherapeutic
efficacy led to significant fluorescence recovery in both the CDDP and
CPAs-treated groups. This observation indicates the probes’ effective-
ness in monitoring the treatment response.

To underscore the benefits of atomization inhalation for probe
enrichment in the lungs, we compared its effects with those of tradi-
tional tail vein injection. Cy5.5-tagged CPs were administered via tail
vein, and the administration resulted in predominant fluorescence in the
abdominal region. Comparing organ images resulted from the tail vein
and inhalation methods revealed distinct localization patterns: the tail
vein group exhibited fluorescence mainly in the liver, whereas inhala-
tion led to a pronounced signal in the lungs (Fig. 7D). This stark dif-
ference underscores the superiority of the inhalation method in
targeting lung tissue.
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In summary, the in vivo imaging results aligned with the cell imaging
findings, which reinforced the potential of CPAs in real-time visual
monitoring in lung cancer research and treatment. This novel inhalation
approach not only improves the delivery of probe to lung tissues but also
presents a new avenue for non-invasive imaging strategies in oncology.

4. Conclusion

In this study, we developed and characterized a novel inhalable
explosive nanosensor, CPAs, tailored for the visual evaluation of thera-
peutic effects of lung cancer. The nanosensor consisted of core-shell
nanoparticles and CaCO3 NPs enveloped in a PDA layer, which func-
tioned as a source of Ca>* ions. This design was pivotal to the triggering
of intracellular Ca" surges, which was necessary for the activation of
apoptotic pathways and subsequent caspase-3 activation. The enzymatic
activity leaded to the cleavage of a specifically designed peptide linker,
liberating the fluorophore that in turn reinstated the fluorescence signal,
which was a direct indicator of caspase-3 activity. Furthermore, the
incorporation of 4-APBA allowed the nanosensor to interact with HoO»,
which caused distinct changes in the SERS signal. This feature added a
layer of functionality to the nanosensor by allowing it to concurrently
monitor HyO5 level, a critical indicator of oxidative stress associated
with cancer progression. The efficacy of the nanosensor was validated
both in vitro (buffer and cells) and in vivo (mouse models). By utilizing
atomization, this method could ensure non-invasive and targeted
deposition within lung tissues. This nanosensor not only allows for

successful lung imaging but also is a representation of a promising non-
invasive strategy for monitoring the therapeutic effects of lung cancer
treatments.
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