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ABSTRACT: Inflammation can affect the progression of cancer at tumor sites,
such as in osteosarcoma, by intensifying metastasis and complicating outcomes. The
current diagnostic methods lack the specificity and sensitivity required for early and
accurate detection, particularly in differentiating between inflammation-induced
changes and tumor activities. To address this, a novel “hedgehog ball”-shaped
nanoprobe, Fe3O4@Au-pep-CQDs, was developed and designed to enhance the
detection of caspase-1, a key marker of inflammation. This magnetic nanoprobe
facilitates simultaneous fluorescence (FL) and electrochemiluminescence (ECL)
detection. Magnetic separation minimizes the quenching of nanoparticles in
solution and eliminates the need for frequent electrode replacement in ECL tests,
thereby simplifying diagnostic procedures. The experimental results showed that in
the detection of caspase-1, the nanoprobe had a detection limit of 0.029 U/mL (FL)
and 0.033 U/mL (ECL) and had a dynamic range of 0.05 to 1.0 U/mL.
Additionally, the nanoprobe achieved high recovery rates of 94.36 to 102.44% (FL) and 94.36−100.12% (ECL) in spiked biological
samples. Furthermore, the nanoprobe’s capabilities were extended to in vivo bioimaging to provide direct, intuitive visualization of
biological processes. These novel nanoprobes were able to significantly enhance the accurate detection of inflammation at tumor
sites, thereby optimizing both diagnostic and therapeutic strategies.

■ INTRODUCTION
Inflammation at tumor sites can significantly influence the
progression of cancer by exacerbating metastasis and invasion
processes.1,2 Particularly in malignant tumors such as
osteosarcoma, which are inherently prone to hematogenous
spread, the presence of an inflammatory microenvironment can
dramatically accelerate disease progression.3,4 Clinical studies
have corroborated that malignant tumors frequently exhibit
inflammation, while benign tumors generally do not.5,6 This
inflammation is not merely a byproduct but a catalyst that
promotes tumor growth, invasion, and metastasis, thereby
complicating treatment and worsening patient outcomes.7,8

The diagnosis and monitoring of such tumors face significant
challenges due to the complexity and cost of the current
detection methods.

Caspase-1 plays a key role in the inflammatory response and
is an important indicator of inflammation.9,10 Moreover, the
current methods are often cumbersome, costly, and lack the
specificity and sensitivity required for early and accurate
diagnosis. Existing probes, such as those targeting caspase-3
and caspase-9, are effective for evaluating apoptosis during
post-treatment monitoring; however, they cannot provide
reliable metrics for assessing the severity of cancer.11−14 This
gap in diagnostic capabilities highlights the urgent need for
novel detection methods that can directly correlate with the

inflammatory markers at tumor sites or offer a clearer picture
of the tumor’s biological status and its potential response to
therapies.

Addressing these challenges, we developed a novel, cost-
effective magnetic nanoprobe named Fe3O4@Au-pep-CQDs
nanoprobe, which had a distinctive “hedgehog ball” shape for
multimodal detection. This design involved the integration of
gold nanoparticles, grown in situ on Fe3O4 nanoparticles, with
carbon quantum dots (CQDs) that have exceptional electro-
chemical and fluorescent properties (Scheme 1A). The
Fe3O4@Au nanoparticles were connected to CQDs via peptide
chains that can be recognized specifically by caspase-1. Upon
the interaction with caspase-1, the specific peptide sequence-
YVAD-is cleaved,15 resulting in the release of CQDs from the
vicinity of Fe3O4@Au nanoparticles. Magnets were subse-
quently applied to effectively isolate the cleaved Fe3O4@Au
nanoparticles and unreacted Fe3O4@Au-pep-CQDs nanoprobe
from the solution, leaving only the liberated CQDs. This
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process of magnetic separation not only eliminates the
influence of Förster resonance energy transfer (FRET)16 and
inner filter effects (IFE)17 on the fluorescence (FL) of CQDs
but also ensures that the electrochemiluminescence (ECL)
measurements of CQDs are free from interference by other
substances (Scheme 1B). The concentration of CQDs in the
test solution was found to be positively correlated with the
caspase-1 concentration, resulting in a concurrent increase in
both FL and ECL signals. Additionally, the prepared test
solution could undergo FL and ECL detection either
independently or in combination and was unaffected by the
sequence of testing. The nanoprobe’s ability to perform both
detection modes simultaneously not only enhances the
accuracy and reliability of the results but also optimizes
operational efficiency by reducing the time and costs associated
with the experimental procedures. Furthermore, with the
magnetic targeting capabilities of the nanoprobes, we selected
osteosarcoma as the primary biological model to evaluate

caspase-1 and explored their potential for fluorescence imaging
of organisms (Scheme 1C).

■ EXPERIMENTAL PROCEDURE
Synthesis of CQDs. CQDs were synthesized using a

modified solvothermal method.18 Initially, 2.1 g of citric acid
was dissolved in 10 mL of DMF while stirring. Subsequently,
1.0 mL of hydrazine hydrate was added dropwise to the
solution. The mixture was then transferred to an autoclave and
subjected to a solvothermal reaction at 180 °C for 12 h. After
cooling to room temperature, the resultant brown solution was
centrifuged at 12,000 rpm for 10 min to remove large
particulate residues. The supernatant was dialyzed against
deionized water using a 1000 Da dialysis bag to purify the
CQDs. Finally, the purified CQDs were stored in a sealed
container at 4 °C for subsequent experiments.
Synthesis of Fe3O4@Au Nanoparticles. Preparation of

Gold Seeds. Gold seeds of approximately 4 nm in size19 were
prepared by adding 20 mL of 5 mM HAuCl4 solution to 360

Scheme 1. Schematic Representation of the Synthesis, Detection Mechanisms, and Intracellular Activity of Fe3O4@Au-pep-
CQDs Nanoprobe. (A) The Step-by-Step Synthesis of Fe3O4@Au-pep-CQDs Nanoprobe. (B) The Dual-Modality Detection
Using FL and ECL of the Nanoprobes. (C) The Mechanism of Action of the Nanoprobes Within a Cellular Environment
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mL of deionized water, followed by the addition of 20 mL of 5
mM sodium citrate solution. The mixture was vigorously
stirred, and 10 mL of freshly prepared 0.1 M NaBH4 solution
was then quickly added. The addition resulted in an immediate
color change to orange-red. The mixture was stirred
continuously for 4 h at room temperature and then stored at
4 °C.

Magnetic Nanoparticle Formation. 45 mg of Fe3O4
nanoparticles were dispersed in 300 mL of 1% (v/v) APTES
in ethanol and mechanically stirred for 24 h to allow for amino
modification. The particles were magnetically separated,
washed thrice with water, and redispersed in 100 mL of the
previously prepared gold seed solution. This suspension was
stirred for 5 h, and the particles were magnetically reseparated.
The particles were then sequentially treated with 4 mL of 1%
HAuCl4, 12 mL of 10% ammonium hydroxide, and 32 mL of
10 mM ascorbic acid; each was added dropwise while shaking
for 4.5 h. Following the completion of the reaction, a magnet
was used to isolate the solids, which were then alternately
washed with water and ethanol twice. The final product was
redispersed in ultrapure water to prepare a 1 mg/mL Fe3O4@
Au nanoparticles solution, which was then stored at 4 °C.20

Synthesis of Fe3O4@Au-pep-CQDs Nanoprobe. Con-
jugation of Peptides to CQDs. Initially, 1 mL of the previously
synthesized CQDs solution was mixed with 1 mL of MES
buffer (10 mM, pH 6.0). To this mixture, 200 μL of EDC

solution (5 mg/mL) and 200 μL of NHS solution (9.5 mg/
mL) were added, and the solution was stirred for 1 h. After the
pH was adjusted to 7.4, 5 μL of peptide chain GRTYVA-
DYTTLPATC (2 mg/mL) was added. The mixture was stirred
thoroughly and allowed to react overnight. Subsequently, the
product was dialyzed against deionized water using a 2000 Da
dialysis bag for 1 day to remove unreacted components.21

Assembly of Fe3O4@Au-pep-CQDs Nanoprobe. 10 μL of
TCEP solution (1 mg/mL) was added to the peptide-
conjugated CQDs and stirred vigorously for 2 min. Then, 2
mL of the previously prepared Fe3O4@Au nanoparticles (1
mg/mL) was added, and the mixture was shaken vigorously.
Next, 2 mL of NaCl solution (40 mg/mL) was added
dropwise, and the mixture was shaken overnight to ensure
complete reaction. The solids were then separated via magnetic
separation, washed three times with water to remove impurity,
and finally redispersed in 2 mL of deionized water. The
prepared Fe3O4@Au-pep-CQDs nanoprobe was stored at 4 °C
until further use.
Fluorescence and ECL Detection of Caspase-1 In

Vitro Using Fe3O4@Au-pep-CQDs Nanoprobe. A 0.1 mg/
mL solution of Fe3O4@Au-pep-CQDs nanoprobe was
prepared in phosphate-buffered saline (PBS). The solution
was mixed with caspase-1 and incubated at 37 °C with
oscillation. After incubation, magnetic separation was used to
isolate the nanoparticles, and the supernatant was collected for

Figure 1. (A) TEM, HRTEM and AFM images, and particle size distribution of CQDs. (B) TEM and HRTEM images, and particle size
distribution of Fe3O4@Au nanoparticles. (C) TEM, HRTEM and EDC images, and particle size distribution of Fe3O4@Au-pep-CQDs nanoprobe.
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analysis. Fluorescence spectra of the supernatant were
measured at an excitation wavelength of 380 nm. For ECL
detection, in which the ECL spectra were recorded, the
supernatant was diluted 2-fold in PBS (10 mM) and analyzed
by cyclic voltammetry at voltages between 0 and 0.8 V and a
scan rate of 300 mV/s.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Fe3O4@Au-pep-

CQDs Nanoprobe. The nanoprobes were composed of
carboxyl-modified CQDs linked to Fe3O4@Au nanoparticles
via peptide chains. The CQDs, synthesized using the
established methods, were analyzed by TEM and HRTEM.
These analyses revealed that the CQDs had an average particle
size of approximately 2.25 ± 1.10 nm and a thickness of about
0.6 nm confirmed by AFM (Figure 1A), which is consistent
with the thickness of a single graphite layer.22 Further
characterization of Fe3O4@Au nanoparticles via TEM showed
that the particles had a particle size of 121.49 ± 5.47 nm. The
lattice spacings of gold and iron were determined by HRTEM
and found to be 0.22 and 0.30 nm, respectively (Figure 1B),
which align with the values reported in the literature.23,24 The
overall nanoprobe size measured by TEM was 124.06 ± 5.84
nm. EDS confirmed the successful preparation of the
nanoparticles, showing that elements were properly distributed
(Figure 1C). Additionally, HRTEM analysis effectively verified
that the CQDs were connected to Fe3O4@Au nanoparticles,

affirming the structural integrity and the successful synthesis of
the nanoprobe.

Optical properties of the CQDs were examined across
various excitation wavelengths, and the excitation wavelength
of 380 nm and the emission wavelength of 456 nm were found
to be the optimal wavelengths that resulted in the most
effective fluorescence response (Figure 2A). Physical images of
the CQDs under natural light and UV illumination (365 nm)
are displayed in Figure S1A. The CIE chromaticity diagram of
the CQDs at the optimal excitation wavelength is shown in
Figure S1B. And Figure S1C is the schematic diagram of the
structural formula of CQDs. The fluorescence lifetime of the
CQDs was determined to be 408 ns, and the quantum yield
was 3.92% (Figure S2). ECL properties were further
characterized, showing that there were significant oxidation
currents at 0.79 V, which closely matches the expected ECL
excitation potential (0.8 V, Figures S3 and S4). The ECL
efficiency was 1.52. UV−vis spectroscopy revealed changes in
the absorption peaks, confirming that the Fe3O4@Au nano-
particles fraction was successfully synthesized (Figure 2B). The
UV spectra of CQDs and Fe3O4@Au-pep-CQDs nanoprobe
were analyzed comparatively, and both of them possessed
absorption peaks at 380 nm, which showed that CQDs and
Fe3O4@Au nanoparticles were successfully connected. Zeta
potential measurements showed the expected charge proper-
ties: carboxyl-coated CQDs and gold seeds were negatively
charged, whereas amino-coated Fe3O4 nanoparticles were

Figure 2. (A) Optimal excitation wavelengths of CQDs and their fluorescence emission spectra at different excitation wavelengths. (B) UV−vis
absorption spectra of CQDs, Au seed, Fe3O4 nanoparticles, Fe3O4@Au nanoparticles and Fe3O4@Au-pep-CQDs nanoprobe. (C) Zeta potential
changes of CQDs, Au seed, Fe3O4−NH2, Fe3O4@Au nanoparticles and Fe3O4@Au-pep-CQDs nanoprobe. (D) FT-IR spectra of CQDs, Fe3O4@
Au nanoparticles and Fe3O4@Au-pep-CQDs nanoprobe. (E) XRD patterns of CQDs, Fe3O4@Au nanoparticles and Fe3O4@Au-pep-CQDs
nanoprobe. (F) XPS spectra of CQDs, Fe3O4@Au nanoparticles and Fe3O4@Au-pep-CQDs nanoprobe. (G) Detailed peaks of Au, Fe, C, N, O and
S elements in the XPS spectrum of Fe3O4@Au-pep-CQDs nanoprobe.
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positively charged. The Fe3O4 nanoparticles adhered to gold
seeds via electrostatic adsorption and Au−N bonding,25,26

resulting in a composite structure with an enhanced negative
charge on the Fe3O4@Au-pep-CQDs nanoprobe (Figure 2C).

The structural and compositional integrity of the nanop-
robes was validated through FT-IR (Figure 2D), XRD (Figure
2E), and XPS analyses (Figures 2F,G, S5 and S6). The FT-IR
analysis revealed the characteristic vibration peaks of O−H/
N−H at 3440 cm−1, C−H at 2930 cm−1, C�O at 1630 cm−1,

C−O at 1380 cm−1, and C−C at 590 cm−1. These peaks
indicate the presence of the expected functional groups. XRD
analysis confirmed the crystal lattices corresponding to Fe3O4,
Au, and CQDs, verifying the phase purity of the components.27

XPS results further supported the nanoprobe’s composition,
with peaks corresponding to Au 4f and Fe 2p validating the
successful synthesis of Fe3O4@Au nanoparticles, and peaks
corresponding to S 2p confirming the successful assembly of
Fe3O4@Au-pep-CQDs nanoprobe. These functional groups
and elemental valence states confirm the successful synthesis of
CQDs, Fe3O4@Au nanoparticles, and Fe3O4@Au-pep-CQDs
nanoprobe. The stability of CQDs was determined through FL
and ECL. The FL intensity of CQDs was not significantly
changed for 10 consecutive days (Figure S7), and the stability
of the CQDs based on ECL intensity after 10 consecutive
scanning cycles was also high (Figure S8). This indicates that
the CQDs are stable and ideally suited for both FL and ECL
applications.
Response of Fe3O4@Au-pep-CQDs Nanoprobe to

Caspase-1 In Vitro. First, optimization of the reaction time
showed that the optimal duration for both analytical methods
was 30 min (Figure 3B,E). This duration adequately allows the
recognition of caspase-1 by the substrate nanoprobe.
Subsequently, 0.1 mg/mL Fe3O4@Au-pep-CQDs nanoprobe
was incubated with caspase-1 in PBS (1 mM, pH 7.4) at
varying concentrations at 37 °C for 30 min while shaking.

Figure 3. (A) Schematic representation of the reaction mechanism of Fe3O4@Au-pep-CQDs nanoprobe with caspase-1. (B) Time-dependent
variation in FL intensity upon incubating 0.1 mg/mL Fe3O4@Au-pep-CQDs nanoprobe with caspase-1 (1.0 U/mL) at 37 °C and pH 7.4. (C) FL
intensity of 0.1 mg/mL Fe3O4@Au-pep-CQDs nanoprobe incubated with human caspase-1 at different concentrations (0.05, 0.1, 0.2, 0.3, 0.5, 0.6,
0.7, 0.8, and 1.0 U/mL) at 37 °C and pH 7.4 for 30 min. (D) ECL linear response of Fe3O4@Au-pep-CQDs nanoprobe to the presence of caspase-
1 at concentrations ranging from 0.05 to 1.0 U/mL (n = 3). (E) Time-dependent change in ECL intensity upon incubating 0.1 mg/mL Fe3O4@Au-
pep-CQDs nanoprobe with caspase-1 (1.0 U/mL) at 37 °C and pH 7.4. (F) ECL intensity of 0.1 mg/mL Fe3O4@Au-pep-CQDs nanoprobe
incubated with human caspase-1 at different concentrations (0.05, 0.1, 0.2, 0.3, 0.5, 0.6, 0.7, 0.8, and 1.0 U/mL) at 37 °C and pH 7.4 for 30 min.
(G) FL linear response of Fe3O4@Au-pep-CQDs nanoprobe to caspase-1 at concentrations ranging from 0.05 to 1.0 U/mL (n = 3).

Table 1. Detection of Caspase-1 Activity in Extracts of MG-
63 Cells With LPS-Induced Inflammation Using the
Fe3O4@Au-pep-CQDs Nanoprobe

endogenous
caspase-1
(U/mL)

added
(U/mL)

measured
(U/mL)

recovery
rate (%)

RSD
(%)

(n = 3)

FL 0.318 0.1 0.420 ± 0.022 102.19 5.27
0.2 0.523 ± 0.023 102.44 4.35
0.3 0.606 ± 0.022 96.01 3.61
0.4 0.699 ± 0.017 95.23 2.47
0.5 0.809 ± 0.025 98.17 3.06

ECL 0.305 0.1 0.399 ± 0.011 94.36 2.67
0.2 0.501 ± 0.019 98.09 3.72
0.3 0.593 ± 0.010 96.07 1.76
0.4 0.702 ± 0.011 99.16 1.62
0.5 0.806 ± 0.016 100.12 1.99
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Following the magnetic separation of the samples, the
supernatant was subjected to fluorescence intensity analysis.
As depicted in Figure 3C, an increase in caspase-1
concentration led to enhanced fluorescence intensity. The
corresponding linear relationship illustrated in Figure 3D
showed a regression equation of Y = 812.85X + 510.05 over
the range of 0.05 to 1.0 U/ml, with an R2 value of 0.990 and a
detection limit (LOD = 3σ/k, σ is the standard deviation of 11
blank responses and k is the slope of the linear calibration
curve) of 0.029 U/mL. Another portion of the supernatant was
diluted with an equal volume of PBS (10 mM, pH = 7.4) and
triethylamine (TEA) (0.5% v/v). The three-electrode system,
consisting of an Ag/AgCl electrode (saturated KCl) as the
reference electrode, a platinum wire electrode as the counter
electrode and a modified glass carbon electrode (GCE, Φ = 4
mm) as the working electrode, was then directly inserted into
the solution to measure the ECL signal. As illustrated in Figure
3F, the ECL intensity was proportional to the caspase-1
concentration. The corresponding linear relationship is
detailed in Figure 3G, showing a regression equation of Y =
1561.42X + 287.90 across the concentration range of 0.05 to
1.0 U/ml, with an R2 value of 0.995 and a detection limit
(LOD = 3σ/k, σ is the standard deviation of 11 blank
responses and k is the slope of linear calibration curve) of
0.033 U/mL. Table S1 shows the comparison of detection
results by Fe3O4@Au-pep-CQDs nanoprobe and those
reported in the literature.

We evaluated the effect of pH on the FL and ECL signals of
the CQDs and Fe3O4@Au-pep-CQDs nanoprobe. The results

indicated that the physiological conditions (pH = 7.4) were
optimal conditions for these nanoprobes (Figure S9). Addi-
tionally, tests against various potential interferents, including
Ca2+, Mg2+, BSA, GST, HAase, and caspase-3, demonstrated
their minimal impacts on both FL and ECL signals, confirming
that the Fe3O4@Au-pep-CQDs nanoprobe has high specificity
and resistance to interference found in a physiological
environment (Figure S10). Further examinations of the
CQDs’ response to different interferences such as Fe2+, Fe3+,
Cu2+, BSA, caspase-1, caspase-3, and lysate, revealed their
robust anti-interference properties, showcasing their capability
to resist to common biological substances (Figure S11). The
addition of a specific inhibitor (Ac-YVAD-cmk) to the caspase-
1 substrate also highlighted the nanoprobes’ selectivity,
affirming their ability to specifically target and detect
caspase-1 (Figure S12).

In addition, we investigated the impact of magnetic
separation on FL signal changes by comparing magnetically
separated and nonseparated solutions (Figure S13). The
results demonstrated that magnetic separation helped avoid
FRET and IFE, thereby enhancing the fluorescence signal,
reducing systematic errors, and improving the accuracy of
nanoprobe detection. We also examined the effect of TEA
addition on the fluorescence signal (Figure S14). The presence
of TEA had no effect on fluorescence detection, and the
fluorescence trends of the TEA-added group and control group
were consistent. This confirms that the nanoprobe can
effectively support both FL-ECL and ECL-FL detection in
sequential orders, and the detection order has no influence on

Figure 4. (A) Fluorescence images of LPS-induced inflammation in MG-63 cells after incubating with Fe3O4@Au-pep-CQDs nanoprobe for
different times, and fluorescence images of MG-63 cells captured after incubating with Fe3O4@Au-pep-CQDs nanoprobe + inhibitor for 4 h. (B)
Analysis of fluorescence intensities of images in (A). (C) Versatility of Fe3O4@Au-pep-CQDs nanoprobe. (D) Analysis of fluorescence intensities
of images in (C).
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the results. This feature is particularly beneficial when the
sample volume is limited, as it eliminates the need to divide the
sample for both FL and ECL tests. That is, one solution can be
used for both tests, which can significantly reduce the need for
large sample amounts.

In conclusion, this comprehensive evaluation underscores
the excellent specificity and versatility of the Fe3O4@Au-pep-
CQDs nanoprobe under various testing conditions, confirming
their efficacy in accurately detecting caspase-1 in complex
biological environments.
Detection of Real Samples by Fe3O4@Au-pep-CQDs

Nanoprobe Through Spiked Recovery Experiments.
Inflammation was induced in osteosarcoma MG-63 cells
using lipopolysaccharide (LPS).28 The inflamed MG-63 cells
were subjected to three freeze−thaw cycles at −80 and 20
°C.29 The resulting cell lysate was mixed with the Fe3O4@Au-
pep-CQDs nanoprobe, and the measured signals are presented
in Table 1. The recovery rates for caspase-1-spiked samples
were 95.23−102.44% using the FL method and 94.36−
100.12% using the ECL method. The numbers demonstrate
the high accuracy and efficacy of the nanoprobes in detecting
real biological samples. Moreover, both nanoprobe-based
assays had excellent stability, as indicated by the low relative
standard deviation values (<5.3%). The concentration of

caspase-1 in the cell lysate, measured using the caspase-1
activity assay kit, was 0.285 ± 0.026 U/mL, which closely
matches the concentration detected by the nanoprobes. This
finding highlights the practicality and reliability in the
biological sample analysis of the probe.
Response and Imaging of Fe3O4@Au-pep-CQDs

Nanoprobe in Cancer Cells. LPS is widely recognized as a
potent inducer of inflammation and is known to activate the
caspase-1 pathway and trigger inflammatory responses in
cells.30,31 In this study, MG-63 cells were cultured and treated
with LPS for 3 h to induce inflammation. As shown in Figure
4A, the fluorescence imaging revealed an increase in
fluorescence intensity over time when the inflamed MG-63
cells were incubated with the Fe3O4@Au-pep-CQDs nanop-
robe. Notably, coincubation of the nanoprobe with an inhibitor
for 4 h showed a distinct difference in fluorescence intensity
compared to the group without the inhibitor, which under-
scores the specificity of the nanoprobe in detecting caspase-1.
Further analysis of the fluorescence intensity of the image is
depicted in Figure 4B.

Cytotoxicity assay of MG-63 cells and LO2 cells confirmed
the minimal toxicity of the Fe3O4@Au-pep-CQDs nanoprobe
(Figure S15) indicating their suitability for biological
applications. The versatility of the Fe3O4@Au-pep-CQDs

Figure 5. (A) Scratch experiments of cells incubated with blank control, 5 μg/mL LPS, and 20 μg/mL LPS. (B) Analysis of data in (A). (C)
Transwell cell invasion assay of cells incubated with blank control, 5 μg/mL LPS, and 20 μg/mL LPS. (D) Analysis of data in (C). (E) 3D tumor
cell model simulating the tumor inflammatory microenvironment developed using LPS induction, and the setup of the control group, LPS (20 μg/
mL) + inhibitor group, LPS (5 μg/mL) group, and LPS (20 μg/mL) group. (F) Analysis of fluorescence intensities of images in (E).
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nanoprobe was further examined across four different cell lines
(control, 5 μg/mL LPS, 20 μg/mL LPS + inhibitor, and 20 μg/
mL LPS groups). The changes in fluorescence intensity
(Figure 4C,D) confirmed the applicability of the nanoprobe
in caspase-1 detection across a broad range of cell types.

Cell migration and invasion assays, including scratch (Figure
5A,B) and Transwell (Figure 5C,D) assays, highlighted that
inflammation could indeed promote tumor migration and
invasion and exacerbate the condition in tumor patients. This
highlights the importance of detecting inflammation in the
tumor microenvironment.32 The success of nanoprobes in 2D
fluorescence activation in vitro prompted us to investigate their
efficacy in 3D platforms. The 3D platform mimics the cellular
microenvironment by facilitating cell−cell and cell−extrac-
ellular matrix interactions and can be used to simulate in vivo
tumor tissue.33−35 The 3D tumor cell model was constructed
to simulate the inflammatory microenvironment in tumor

using LPS induction, and control, LPS + inhibitor, and LPS
groups were established to explore the nanoprobe’s potential in
real tumor settings (Figure 5E,F). The fluorescence results
showed that as the concentration of LPS increased, the
fluorescence intensity of the cytospheres was higher. This
proves that the higher the amount of caspase-1, the more
severe the inflammation. Viability tests of LPS-induced 3D
cells using the calcineurin-AM&PI staining method36 demon-
strated that cells incubated with 20 μg/mL LPS were still
viable in large numbers. This reveals that the concentration of
LPS used in the experiment can mimic the inflammatory
environment of the tumor while still preserving cell
proliferation.

In conclusion, the Fe3O4@Au-pep-CQDs nanoprobe is a
promising tool for application in tumor cell imaging and is
suited for widespread use in detecting caspase-1 within cells
and cellular microenvironment.

Figure 6. (A) H&E staining of major organs after tail vein injection of Fe3O4@Au-pep-CQDs nanoprobe in MG-63 hormonal mice (×20
magnification). (B) Schematic diagram showing MG-63 mice model and in vivo experimental procedures. (C) Fluorescence imaging of dissected
tumors in mice in the no-LPS-induced, LPS + inhibitor and LPS-induced groups. (D) H&E staining of tumor pathology sections (control: ×10
magnification, LPS: ×20 magnification). (E) Immunofluorescence of tumor sections (DAPI: nuclei, SpOrange: caspase-1) (×20 magnification).
(F) Fluorescence imaging and (G) ICP−MS (Au elemental) analysis of major organs and tumors after Fe3O4@Au-pep-CQDs nanoprobe injection
into MG-63-loaded mice (24 h after LPS injection at the tumor site).
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In Vivo Imaging Applications of Fe3O4@Au-pep-CQDs
Nanoprobe. To assess the suitability of nanoprobes in live
animal models, we initially conducted a hemolysis experiment.
The results (Figure S17) indicated that the hemolytic effect
was negligible, confirming the nanoprobe is safe for in vivo
experiments. Subsequent histological examination, which
involved H&E staining of major organs 14 days postadminis-
tration of Fe3O4@Au-pep-CQDs nanoprobe via the tail vein in
MG-63 tumor-bearing mice, was conducted (Figure 6A). The
analysis revealed that there was no observable damage or
inflammation in major organs. This shows that the Fe3O4@Au-
pep-CQDs nanoprobe does not cause damage to major organs
and is safe for bioapplications.

For targeted delivery, MG-63 nude mice, each with
approximately 20 g, were used. Each mouse received an
intratumoral injection with 0.15 mg LPS (per 20 g of body
weight) to induce inflammation. After 24 h, 5 mg/mL of
Fe3O4@Au-pep-CQDs nanoprobe was administered intra-
venously. A magnet was positioned at the tumor site to
concentrate the nanoprobes,37,38 and a local injection with a
caspase-1 inhibitor was thereafter conducted. Tumors were
excised at 6 h postinjection (Figure 6B). The tumors from the
LPS-induced inflammation group exhibited clear signs of
subcutaneous hemorrhage and erythema, whereas those from
the control group tumors did not.39 Fluorescence imaging
(Figure 6C) confirmed higher fluorescence signals in tumors
from the LPS group compared to those from the inhibitor-
treated and non-LPS groups, suggesting the potential of
nanoprobe for biopsy applications.

Further analysis involving H&E staining and immunofluor-
escence testing of tumor tissues from both LPS-induced and
control mice was carried out. Under microscopic examination,
the LPS group displayed distinct inflammatory foci with
infiltrating inflammatory cells, and the cancer cells were
visible.40 In contrast, the control group did not exhibit
inflammatory infiltration, but cancerous lesions with noticeable
anisotropy were visible (Figure 6D).41 Immunofluorescence
staining using DAPI (nuclei) and SpOrange-labeled antibodies
(caspase-1) highlighted the substantial caspase-1 activity in the
LPS-induced tumors, in contrast to the control group, in which
no fluorescent signals were detected (Figure 6E). This
confirms the successful establishment of the mouse tumor
inflammation model. Additionally, the experimental results
obtained from the kit were consistent with those obtained from
the Fe3O4@Au-pep-CQDs nanoprobe, which shows that the
Fe3O4@Au-pep-CQDs nanoprobe has high potential in
practical applications. Additional fluorescence imaging and
ICP−MS analyses of major organs in mice with and without
magnets demonstrated that magnetic targeting significantly
enhanced the accumulation of Fe3O4@Au-pep-CQDs nanop-
robe at the tumor site (Figure 6F,G). These findings validate
the feasibility and practical applicability of Fe3O4@Au-pep-
CQDs nanoprobe in targeted tumor imaging and inflammation
detection in vivo.

■ CONCLUSION
In conclusion, we developed the “hedgehog ball”-shaped
Fe3O4@Au-pep-CQDs nanoprobe as a novel solution for
detecting inflammation at tumor sites. This advanced nanop-
robe allows for simultaneous fluorescence and electrochemical
detection and streamlines the analytical process by enhancing
specificity and sensitivity through magnetic separation. This
approach not only reduces the quenching of nanoparticles in

solution but also eliminates the need for frequent electrode
changes. Our experiments confirmed that the Fe3O4@Au-pep-
CQDs nanoprobe was highly effective in vitro and able to
provide rapid and accurate biomarker analysis. The ability to
conduct both FL and ECL detection using a single sample not
only saves valuable biological material but also simplifies the
diagnostic procedure, making it highly suitable for clinical
settings. Moreover, inflammation associated with tumor sites
can promote tumor progression through migration, invasion,
and infiltration, which complicate the treatment while
worsening patient outcomes. With its ability in the early
detection of such inflammatory processes, our nanoprobe
offers a significant advantage by potentially improving
therapeutic strategies and patient care. Therefore, the
Fe3O4@Au-pep-CQDs nanoprobe holds potential in various
applications, including personalized medicine and targeted
therapy.
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