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Responsive Theranostic Nanoprobe for Ratiometric
Photoacoustic Monitoring of Hypochlorous Acid-Mediated
Inflammation in Cancer Photothermal Therapy

Huayue Zhang, Miaomiao Wu, Firasti Agung Nugrahening Sumadi, Changkui Fu,
Qingtao Meng, Mazen Alanazi, Zexi Zhang, Zhi Ping Xu, Hang Thu Ta, and Run Zhang*

Cancer detection and inflammation monitoring during photothermal therapy
(PTT) enable timely cancer intervention and precise inflammation control,
advancing to address inflammation-related tumor recurrence and metastasis
associated with PTT. This can be achieved through real-time monitoring
biomarker for cancer and inflammation, like hypochlorous acid (HOCl),
a highly reactive oxygen species (hROS) in body with elevated levels in
inflammation. Here, a HOCl-responsive theranostic nanoprobe is introduced,
AuNRs@SiO2-CAA for ratiometric photoacoustic (PA) cancer detection and
inflammation monitoring during PTT. AuNRs@SiO2-CAA emits PA signals
at 680 and 820 nm, with only PA680 undergoing changes in the presence
of HOCl, enabling precise HOCl imaging via recording changes of ratiometric
PA signals (PA680/PA820). AuNRs@SiO2-CAA exhibits high selectivity
and sensitivity, with a detection limit of 0.34 μM for ratiometric PA imaging
of HOCl. In vivo, it effectively detects tumor, drives PTT, and monitors
inflammation during PTT by sensing HOCl. The successful development
of AuNRs@SiO2-CAA offers a novel theranostic nanoprobe system for cancer
diagnosis, poised to enhance PTT through precise inflammation control.
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1. Introduction

Cancer constitutes a significant global
health threat with elevated mortality rates,[1]

thus cancer detection and treatment have
historically been primary focuses of re-
search efforts. Recently, exploiting optical
excitation and ultrasound detection bene-
fits, photoacoustic (PA) imaging has rapidly
emerged as a non-invasive imaging modal-
ity with immense potential for detecting
cancer.[2] PA imaging offers outstand-
ing tissue penetration, cost-effectiveness,
absence of radiation exposure risk, and
improved contrast and resolution.[3] It not
only complements conventional clinical
imaging modalities like magnetic reso-
nance imaging,[4] computed tomography,[5]

and ultrasound[6] but also addresses the
limitations of fluorescence (FL) imaging,
which suffers from deteriorating image
quality with deeper tissue penetration.[7]

Major PA imaging approaches entail
significant accumulation of PA contrast agents at cancer sites
through enhanced permeability and retention (EPR) effects.[2c,8]

PA responsive probes that can be activated by cancer biomark-
ers have emerged as promising avenues for sensitive cancer
detection.[9]

In cancer therapy, phototherapy, primarily comprising pho-
todynamic therapy (PDT) and photothermal therapy (PTT), has
gained prominence due to its non-invasiveness and minimal
drug resistance.[10] Nevertheless, therapy-induced inflammation
poses a significant obstacle to their effectiveness, especially for
PTT.[11] PTT involves the conversion of light energy absorbed
by photosensitizers into heat to destroy cancer cells locally in
tumor tissue. The local temperature rise in tumor tissue in-
duces detrimental inflammation, activating immune cells and
pro-inflammatory mediators, leading to the accumulation of re-
active oxygen species (ROS).[12] ROS regulate cell signaling path-
ways, gene expression, and participate in vital physiological pro-
cesses like immune defense and apoptosis.[13] However, exces-
sive ROS accumulation in PTT triggers abnormal responses
from recruited immune cells, ultimately forming an immuno-
suppressive microenvironment, which leads to immune eva-
sion and the recurrence of residual tumor cells.[14] Recently,
there has been increasing interest in mitigating ROS-dominated
inflammation during PTT. Strategies such as combining
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anti-inflammatory drugs with PTT[12a] or scavenging ROS[15]

have been proposed to optimize PTT outcomes, showing promis-
ing results compared to PTT alone. Elucidation of dynamics of
ROS-dominated inflammation development during PTT is cru-
cial to understand the underlying mechanism of the enhanced
PTT as well as to develop new therapeutics for treatment of can-
cers and other inflammatory disorders. Real-time monitoring of
inflammation progression during PTT is essential for achiev-
ing precise inflammation control, thereby reducing the overuse
of anti-inflammatory drugs and preventing cancer progression
due to excessive ROS scavenging or inadequate inflammation
regulation.

Hypochlorous acid (HOCl) is a highly reactive oxygen species
generated through the catalytic reaction of hydrogen peroxide
(H2O2) and chloride ions (Cl−) by myeloperoxidase (MPO). It
plays a critical role in immune defense and resistance to in-
fections within the human body.[16] HOCl levels are intricately
associated with several major diseases. They decrease in im-
munodeficiency disorders but significantly increase in oxida-
tive stress-related and inflammatory diseases.[17] Thus, the de-
velopment of responsive probes for monitoring HOCl levels
is crucial for the diagnosis as well as treatment monitoring
of different diseases, for example, acute inflammation,[18] liver
injury,[19] atherosclerosis,[20] arthritis,[21] and other conditions.[22]

In cancer, the abundant presence of HOCl has been extensively
documented.[23] Studies indicate that photosensitizers activated
by HOCl can accurately distinguish between tumor and nor-
mal cells and induce tumor cell ablation.[24] These findings un-
derscore the potential of developing probes targeting HOCl for
cancer detection. Furthermore, HOCl has been shown to play
a critical role in triggering the release of neutrophil extracellu-
lar traps,[25] a key mechanism leading to immune suppression
and thus affecting the efficacy of PTT. Therefore, HOCl emerges
as a robust candidate for targeting biomarker to be detected
for both cancer detection and inflammation monitoring during
PTT.

Herein, we report the development of a responsive theranos-
tic nanoprobe for ratiometric PA imaging of HOCl in tumor
and HOCl-dominated inflammation monitoring during the PTT.
The ratiometric PA nanoprobe, AuNRs@SiO2-CAA, was devel-
oped by covalently linking an HOCl-responsive small molecu-
lar PA probe (CAA) to mesoporous silica-coated gold nanorods
(AuNRs) (Scheme 1). As expected, AuNRs@SiO2-CAA exhibited
strong PA signals at 680 nm and 820 nm, attributed to CAA and
AuNRs, respectively. Upon increasing concentration of HOCl,
the rapid reaction between CAA and HOCl resulted in a grad-
ual decrease in PA680, while PA820 remained stable. Therefore,
AuNRs@SiO2-CAA can be used for in situ detection of HOCl
through ratiometric PA imaging (PA680/PA820). In vivo experi-
ments demonstrated that AuNRs@SiO2-CAA could be effectively
delivered to tumor sites for cancer detection through monitoring
HOCl levels. The AuNRs in this nanoprobe facilitated efficient
PTT and allowed real-time assessment of HOCl-dominated in-
flammation progression during PTT. Successful development of
this theranostic nanoprobe offers a new tool for monitoring tu-
mor treatment, promising for mitigating tumor recurrence and
metastasis in future.

2. Results and Discussion

2.1. Design, Preparation, and Characterization of
AuNRs@SiO2-CAA

In this work, we developed an “all-in-one” responsive theranostic
nanoprobe for cancer detection, treatment, and HOCl-dominated
inflammation monitoring during tumor PTT. In this theranos-
tic nanoprobe system, a small molecule dye (CAA) served as the
sensing unit for HOCl detection in cancer cells and tumors. Ex-
tended 𝜋-conjugation as well as the intramolecular charge trans-
fer (ICT) enabled CAA applicability in PA imaging.[26] AuNRs
with high light absorption in near-infrared (NIR) allowed the
nanoparticles for both PA imaging as a reference signal and PTT
for tumor ablation.[27] As a result of the binding CAA to AuNRs,
the cancer detection and PTT-triggered inflammation monitor-
ing could be achieved by tracking the ratiometric PA signals
(PA680/PA820), while the tumor treatment could be achieved by
PTT through light irradiation.

The synthesis of AuNRs@SiO2-CAA are depicted in Figure 1.
Initially, the small molecular PA probe, CAA, designed to react
effectively with HOCl, was synthesized through a one-step reac-
tion (Figure 1a).[28] As shown in Figure 1b, CAA reacts with a mi-
nor quantity of HOCl to produce CAA-O. As the concentration of
HOCl increases, CAA-O undergoes further transformation, cul-
minating in the formation of CAA-OCl. The mass spectrometry
(MS) characterization of CAA, reaction between CAA and HOCl,
the intermediate CAA-O and product CAA-OCl were tracked by
MS analyses in Figure S1 (Supporting Information).

Subsequently, optical properties of CAA were validated via
ultraviolet-visible (UV–vis) spectroscopy. The maximum ultravi-
olet (UV) absorption peak of CAA is at 651 nm. The molar ex-
tinction coefficient (𝜖) of CAA was derived from Beer’s law (A
= 𝜖·cCAA·d) and determined to be 1.5975 × 104 L·mol−1·cm−1.
CAA exhibits a broad pH adaptability range, maintaining its max-
imum UV absorption intensity without peak shifting within the
pH range of 5–12 (Figure S2a, Supporting Information). As the
concentration of HOCl increased, the absorbance of CAA at 651
nm gradually decreased (Figure S2b, Supporting Information),
while 𝜖 concurrently dropped to 0.9901 × 104 L·mol−1·cm−1. The
decrease in absorbance (A651) could be attributed to structural
changes in the CAA molecules induced by the reaction, which
impact the ICT. As shown in Figure S2c (Supporting Informa-
tion), after the addition of 25 μM HOCl to 30 μg mL−1 CAA in
buffer solutions with pH values ranging from 5 to 9, the decrease
in UV absorbance at 651 nm remained consistent without signif-
icant variation. This indicates that the detection capability of the
CAA nanoprobe for HOCl is not affected across this pH range,
making it suitable for detection in both physiological environ-
ments (pH 7.4) and the tumor microenvironment (pH 6.5). Ad-
ditionally, CAA exhibited high selectivity (Figure S3a, Supporting
Information) and low cytotoxicity (Figure S3b, Supporting Infor-
mation). These results demonstrate that CAA can selectively de-
tect HOCl and is suitable for in vivo applications, making it a
qualified HOCl-responsive probe. Considering its maximum ab-
sorption wavelength is located near the infrared (IR) range, it has
the potential for application in PA imaging.
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Scheme 1. Schematic illustration of the HOCl-responsive theranostic PA nanoprobe, AuNRs@SiO2-CAA: a) Synthesis route of AuNRs@SiO2-CAA, and
its application in b) cancer detection and c) in situ monitoring of HOCl-driven inflammation progression during PTT treatment.

Next, AuNRs, acting as the second PA signal source and the
photosensitizer for driving PTT, were synthesized using a seed-
growth method, followed by impurity separation via centrifuga-
tion (Figure S4a, Supporting Information). The separated AuNRs
solution displayed two distinct colours, brown and purplish-red
(Figure S4b, Supporting Information). UV–vis verification con-
firmed that the brown solution contains the desired AuNRs, with
a maximum absorption peak around 820 nm. It was inferred that
the separated impurities, indicated by the purplish-red solution,
were gold nanospheres, characterized by their color and a max-
imum absorption peak around 570 nm (Figure S4c, Supporting
Information). Transmission electron microscopy (TEM) results
illustrated that the purified AuNRs exhibited uniform rod-like
structures with an aspect ratio of approximately 5.5 (Figure 1c

and Figure S5, Supporting Information). The dynamic light
scaterring (DLS) spectra of AuNRs showed the classical bimodal
distribution (Figure S6, Supporting Information). Subsequently,
the synthesis of AuNRs@SiO2 was conducted. Encapsulation of
AuNRs with mesoporous silica significantly reduced the toxicity
of residual CTAB on the AuNRs’ surface. Moreover, the abun-
dant pores and high surface area of mesoporous silica facilitated
further modification of AuNRs@SiO2. TEM images (Figure S7,
Supporting Information) visually demonstrated a uniform silica
coating with a thickness of approximately 16 nm. The absorption
peak of AuNRs@SiO2 exhibits a slight redshift consistent with
previous reports (Figure 1d).[29] This redshift is attributed to the
formation of a silica shell, which results in an increase in the local
refractive index surrounding the AuNRs.
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Figure 1. Preparation and characterization of AuNRs@SiO2-CAA. a) Synthesis procedure of CAA. b) Sensing reaction mechanism between CAA and
HOCl. c) Representative TEM images of AuNRs and AuNRs@SiO2-CAA. d) UV−vis absorption spectra of AuNRs and AuNRs@SiO2. e) FTIR spectra of
CTAB, AuNRs@SiO2, AuNRs@SiO2-NH2, and AuNRs@SiO2-CAA. f) UV−vis absorption spectra of CAA, AuNRs@SiO2-NH2 and AuNRs@SiO2-CAA.
g) TGA curves of CAA, AuNRs@SiO2-NH2 and AuNRs@SiO2-CAA. h) Zeta potentials of AuNRs, AuNRs@SiO2, AuNRs@SiO2-NH2, and AuNRs@SiO2-
CAA. i) Absorption changes of AuNRs@SiO2-CAA stored at room temperature for different time periods.

Finally, amino groups were introduced onto the surface of
AuNRs@SiO2 through grafting of APTES, facilitating the cova-
lent linkage of CAA to AuNRs@SiO2 via amide bonds formed
between the carboxyl group of CAA and the amino groups on the
silica surface, ultimately yielding AuNRs@SiO2-CAA (Figure 1c).
The appearance of characteristic peaks corresponding to -Si-O
and -N-H in the Fourier transform infrared spectroscopy (FTIR)
spectrum (Figure 1e) confirmed silica encapsulation and amino
group incorporation. The appearance of two prominent UV ab-
sorption peaks at 651 and 820 nm confirms the successful syn-
thesis of AuNRs@SiO2-CAA (Figure 1f). The loading efficiency of
CAA onto AuNRs@SiO2 was elucidated through thermal gravi-
metric analysis (TGA). As shown in Figure 1g, the weight loss
of AuNRs@SiO2-NH2 within the range of 30 – 700 °C can
be neglected, as the melting points of gold (1064 °C) and sil-
ica (1710 °C) are significantly higher than 700 °C. Conversely,
CAA underwent near-complete degradation within this tempera-
ture range. Therefore, the mass loss of AuNRs@SiO2-CAA im-

plies the presence of CAA therein. The loading efficiency of
AuNRs@SiO2 for CAA was approximately 20.23%. Additionally,
analysis of the derivative thermogravimetric (DTG) spectra re-
veals that CAA within AuNRs@SiO2-CAA retains the decompo-
sition pattern of CAA, albeit with a slightly elevated temperature
decomposition maxima. This observation suggests that the cova-
lent attachment of CAA to AuNRs@SiO2 enhances its thermal
stability (Figure S8, Supporting Information). As illustrated in
Figure 1h, the zeta potential varies across different modification
steps. Upon coating AuNRs with silica, the potential shifted from
44.57 ± 1.89 mV to −16.68 ± 0.53 mV. Subsequent modifica-
tion with amino groups restored a positive potential. The final
product, AuNRs@SiO2-CAA, exhibited a potential of 28.4 ± 4.37
mV, confirming the colloidal stability of the resulting nanoparti-
cles. The long-term stability of AuNRs@SiO2-CAA was also val-
idated. As depicted in Figure 1i, even after 30 days of storage at
room temperature, AuNRs@SiO2-CAA maintained excellent sig-
nal stability.
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Figure 2. HOCl reactivity, biocompatibility, and photothermal properties of AuNRs@SiO2-CAA. a) PA images and PA signal changes (PA680) of
AuNRs@SiO2-CAA (0.15 mg mL−1) in the presence of different ROS (35 μM) in PBS buffer. The samples were placed in plastic tubes to conduct
the PA imaging tests at 680 and 820 nm. b) Response time of AuNRs@SiO2-CAA (0.15 mg mL−1) to 20 μM HOCl. c) UV−vis absorption spectra of
AuNRs@SiO2 in the presence and absence of HOCl. d) Viability of RAW264.7 cells after adding 0–400 μg mL−1 AuNRs@SiO2-CAA for 24 and 48 h. e)
Photothermal images (PTI) and temperature increase of PBS, AuNRs, AuNRs@SiO2, and AuNRs@SiO2-CAA with different 808 nm laser (1.25 W cm−2)
exposure times. f) Temperature variations of PBS, AuNRs, AuNRs@SiO2, and AuNRs@SiO2-CAA under laser irradiation with different power densities.
g) Temperature evolutions of AuNRs@SiO2-CAA under 808 nm laser irradiation (1.25 W cm−2) for 4 laser on/off cycles.

2.2. Hypochlorous Acid (HOCl)-Specific Photoacoustic (PA)
Response, Biocompatibility and Photothermal Performance of
AuNRs@SiO2-CAA

After obtaining AuNRs@SiO2-CAA, it was necessary to evaluate
its functionality in detecting HOCl, driving PTT, and assessing
its potential for in vivo applications. First, we confirmed the abil-
ity of AuNRs@SiO2-CAA to exhibit changes in UV absorption
in response to HOCl (Figure S9, Supporting Information). Sub-
sequently, we assessed the performance of AuNRs@SiO2-CAA
in PA imaging. As shown in Figure 2a, we analyzed the PA sig-
nals of AuNRs@SiO2-CAA under excitation at different wave-
lengths, observing strong signals at 680 and 820 nm. Upon intro-
ducing various ROS into a phosphate-buffered saline (PBS) solu-

tion containing AuNRs@SiO2-CAA, only HOCl elicited a signifi-
cant response, resulting in a marked decrease in PA680, while
PA820 remained unchanged. Similar changes were observed
in UV absorption (Figures S10,S11, Supporting Information).
These findings indicate that AuNRs@SiO2-CAA exhibits a re-
sponsive capability to HOCl with high selectivity. AuNRs@SiO2-
CAA also exhibited rapid response capability to HOCl, with
the reaction nearly completing within 30 sec (Figure 2b). From
Figure 2c, it can be seen that the presence of HOCl had no ef-
fect on the signal of AuNRs@SiO2, indicating that the variation
in probe signal intensity is solely attributed to CAA’s response
to HOCl. These findings collectively underscore the potential
of AuNRs@SiO2-CAA as a ratiometric PA probe for detecting
HOCl.
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Figure 3. Detection of exogenous, MPO-generated, and endogenous HOCl by AuNRs@SiO2-CAA. a) PA images and the curve of PA intensity ratio
(ΔPA680/PA820) for AuNRs@SiO2-CAA (150 μg mL−1) in the presence of 0–30 μM HOCl. b) PA images and PA intensity ratio (ΔPA680/PA820) of
AuNRs@SiO2-CAA (150 μg mL−1) upon MPO (0.05 U mL−1) and H2O2 (8 μM) addition in PBS 7.4 in the presence of Cl− (2 mM). c) The PA images of
RAW264.7 cells incubated with AuNRs@SiO2-CAA (150 μg mL−1) in the presence or absence of LPS (1 μg mL−1) or PMA (25 ng mL−1) for 3 h. d) PA
intensity ratio (ΔPA680/PA820) of cells shown in c) was quantified. e) Quantification of HOCl production in RAW264.7 cells incubated with LPS (1 μg
mL−1) over varying time periods. f) The PA images of CT26 cells incubated with AuNRs@SiO2-CAA (150 μg mL−1).

The potential for in vivo application of nanomaterials is
highly determined by their biocompatibility. The cell toxi-
city of AuNRs@SiO2-CAA was evaluated within RAW264.7
cells. Figure 2d shows that after 48 h of incubation with
AuNRs@SiO2-CAA at a concentration of 400 μg mL−1, the sur-
vival rate of RAW264.7 cells remained high at 80.22%, con-
firming AuNRs@SiO2-CAA’s excellent biocompatibility. We also
evaluated the photothermal performance of AuNRs@SiO2-CAA.
As depicted in Figure 2e, under 8 min of 808 nm laser ir-
radiation, the temperature of AuNRs@SiO2-CAA, AuNRs, and
AuNRs@SiO2 reached 59.5 °C, 58.6 °C, and 59.4 °C, respectively,
whereas the temperature of PBS was only 28.1 °C. The photother-
mal behavior of AuNRs@SiO2-CAA was affected by laser density,
with higher laser density leading to higher temperatures. As il-
lustrated in Figure 2f, after 8 min of laser irradiation, the tem-
perature of AuNRs@SiO2-CAA increased to 30.9 °C under laser
irradiation at 0.25 W cm−2 and to 59.5 °C under laser irradiation
at 1.5 W cm−2. This behavior is analogous to the photothermal
behavior observed for AuNRs and AuNRs@SiO2. Furthermore,
after four cycles of laser on-off process, no significant tempera-
ture decay was observed for AuNRs@SiO2-CAA (Figure 2g), in-
dicating its photothermal stability.

2.3. Detection of Exogenous, Myeloperoxidase
(MPO)-Generated, and Endogenous HOCl by AuNRs@SiO2-CAA

The performance of AuNRs@SiO2-CAA in detecting HOCl from
various sources was validated. To confirm the probe’s response to
exogenous HOCl, varying concentrations of HOCl were added to

PBS containing AuNRs@SiO2-CAA. As shown in Figure S12a
(Supporting Information), the UV absorption of AuNRs@SiO2-
CAA at 651 nm gradually decreased with increasing HOCl con-
centration, while the UV absorption at 820 nm remained unaf-
fected. Within the range of 0 to 35 μM, a good linear relationship
was observed between ΔA651/A820 and HOCl concentration (R2

= 0.9948), with a limit of detection (LOD) of 49.49 nM based
on 3𝜎/k. In terms of the PA signal response of AuNRs@SiO2-
CAA to HOCl, a good linear relationship was observed between
ΔPA680/PA820 and HOCl concentration upon quantitative ad-
dition of 0 to 30 μM HOCl, with an LOD of 0.34 μM (Figure
3a). Compared to previous PA probes used for HOCl detec-
tion, AuNRs@SiO2-CAA demonstrates competitive performance
(Table S1, Supporting Information).

Subsequently, the responsiveness of AuNRs@SiO2-CAA to
HOCl generated by the MPO-catalyzed reaction between H2O2
and Cl− was validated. Initially, changes in the UV–vis absorption
of AuNRs@SiO2-CAA were measured. No decrease in absorp-
tion was observed when only MPO or H2O2 was added. How-
ever, upon addition of both MPO and H2O2, a significant de-
crease in absorbance at 651 nm was observed, which can be
inhibited by the MPO inhibitor 4-aminobenzoic acid hydrazide
(4-AB) (Figure S12b, Supporting Information). From the ob-
tained standard curve (Figure S12a, Supporting Information),
the amount of HOCl produced in the MPO/H2O2/Cl− system
was calculated to be approximately 3.32 μM. In PA imaging,
a reduction in the PA signal of AuNRs@SiO2-CAA at 680 nm
was observed only in the presence of both MPO and H2O2.
The detected amount of HOCl was approximately 3.70 μM
(Figure 3b).
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We next validated the performance of AuNRs@SiO2-CAA
in detecting endogenous HOCl. The macrophage cell line
RAW264.7 and the colorectal cancer cell line CT26 were selected
for this purpose. RAW264.7 cells, a type of macrophage, produce
large amounts of ROS, including HOCl, upon stimulation with
immune activators. This renders them a widely used model for
validating the ability of HOCl probes to detect endogenous HOCl.
The colorectal cancer cell line CT26, on the other hand, allows
us to explore the ability of AuNRs@SiO2-CAA to differentiate
cancer cells by detecting HOCl. Given that the detection sensi-
tivity of AuNRs@SiO2-CAA to HOCl may vary with its concen-
tration (Figure S13, Supporting Information), it is essential to
generate a detection curve of HOCl in cells based on the cellu-
lar uptake behavior of AuNRs@SiO2-CAA to ensure precise mea-
surements. Rhodamine B (RhB) was used to label AuNRs@SiO2-
CAA, and cell uptake was characterized using flow cytometry
and confocal microscopy. Figure S14a,b (Supporting Informa-
tion) show the FL signal of RhB monitored by flow cytometry after
incubating RhB-labeled AuNRs@SiO2-CAA with RAW264.7 or
CT26 cells for different times. The FL signal gradually shifted to
the right with increasing incubation time, reaching a maximum
around 9 h. Confocal microscopy showed that AuNRs@SiO2-
CAA entered the cells in a time-dependent manner, with red
FL in the cytoplasm increasing over time and peaking at 9 h,
consistent with flow cytometry results (Figure S14c, Supporting
Information). These results demonstrated the excellent cellular
accumulation ability of AuNRs@SiO2-CAA, which is beneficial
for endogenous HOCl detection. We incubated AuNRs@SiO2-
CAA with RAW264.7 cells for 9 h, washed with PBS, added dif-
ferent concentrations of HOCl, and detected the PA signal in-
tensity, resulting in the HOCl detection curve of AuNRs@SiO2-
CAA in RAW264.7 cells (Figure S15a,b, Supporting Information).
Lipopolysaccharide (LPS) and phorbol myristate acetate (C) were
used to generate ROS in RAW264.7 cells. When incubated only
with AuNRs@SiO2-CAA, strong PA signals were observed in
RAW264.7 cells at 680 and 820 nm. After incubating with PMA
or LPS in the presence of AuNRs@SiO2-CAA for 3 h, a decrease
in PA680 was observed (Figure 3c). According to the detection
curve (Figure S15b), the levels of HOCl produced by RAW264.7
cells were determined to be 20.56 and 21.92 μM, respectively
(Figure 3d). Furthermore, the production of HOCl increased over
time (Figure 3e; Figure S16, Supporting Information). We also
verified the ability of AuNRs@SiO2-CAA to detect endogenous
HOCl in cancer cells. Incubation of AuNRs@SiO2-CAA with
CT26 cells resulted in a significant decrease in PA680 (Figure 3f),
and further addition of HOCl led to an additional reduction in the
signal (Figure S17, Supporting Information). These results con-
firm that AuNRs@SiO2-CAA is potentially useful for detecting
endogenous HOCl in live cells.

2.4. Monitoring of HOCl in Inflammation and Tumor Models by
PA Imaging Using AuNRs@SiO2-CAA

Inspired by the satisfactory performance of AuNRs@SiO2-CAA
in both in vitro and live cell imaging, we aimed to explore the
application of AuNRs@SiO2-CAA in living animals, with a par-
ticular focus on its performance in inflammation and cancer
models. Initially, we verified the probe’s capability for subcuta-

neous imaging and HOCl detection. Figure S18 (Supporting In-
formation) illustrates the setup for in vivo PA imaging, where the
PA signal of tissue cross-section was recorded. AuNRs@SiO2-
CAA (1.5 mg mL−1, 100 μL) was administered subcutaneously
into the right hind leg of mice, and PA images of the injection
site were continuously acquired over a 20-min period (Figure
S19a, Supporting Information). As expected, robust PA signals
were detected at 680 (red-blue gradient) and 820 nm (yellow-
blue gradient), persisting steadily throughout the imaging pro-
cess (Figure S19b, Supporting Information). This affirmed the
subcutaneous imaging capacity of AuNRs@SiO2-CAA, alongside
the absence of HOCl production in healthy mouse subcutaneous
tissue. To validate AuNRs@SiO2-CAA’s capability for subcuta-
neous detection of exogenous HOCl, mice were sequentially in-
jected with AuNRs@SiO2-CAA and HOCl as the experimental
group, while PBS served as the control group. Within 20 min
post-injection, no significant PA signals were observed in the
control group. However, notable PA signals were detected at
the co-injection sites of AuNRs@SiO2-CAA and HOCl, respec-
tively at 680 and 820 nm (Figure 4a). As depicted in Figure 4b,
PA680 gradually declined within the initial 10 min post-injection,
then stabilized, while PA820 remained nearly constant within
20 min. This underscores the potential of AuNRs@SiO2-CAA
as a ratiometric PA probe activated by HOCl in subcutaneous
tissue.

Subsequently, we induced inflammation in the back area
of mice using previously reported methods involving LPS
stimulation.[30] Following model establishment, AuNRs@SiO2-
CAA was injected into the inflamed area (Figure 4c). The im-
ages exhibited a gradual decrease in PA680/PA820 over 10 min
(Figure 4d), indicating activation of the mouse immune system
in the inflamed area, resulting in detectable levels of HOCl pro-
duction. To establish a tumor-bearing mouse model, CT26 cells
were implanted into the right hind leg of mice. Once the tumor
reached 100 mm3, AuNRs@SiO2-CAA was injected around the
tumor. (Figure 4e). As depicted in Figure 4f, a reduction in PA680
was observed within the initial 20 min, while PA820 remained
largely unchanged, indicating the presence of HOCl at the tumor
site. Over time, both PA680 and PA820 exhibited significant de-
clines, but the ratio of PA680 to PA820 did not show a significant
change. This phenomenon may be attributed to the degradation
of the probe or the metabolic processes in mice. These experi-
ments underscore the production of HOCl in both inflammation
and tumor models, highlighting the potential of AuNRs@SiO2-
CAA for monitoring inflammation and tumor progression by de-
tecting HOCl.

2.5. In Vivo Tumor Detection, Photothermal Therapy (PTT), and
Real-Time Inflammation Monitoring Using AuNRs@SiO2-CAA

Finally, we sought to apply AuNRs@SiO2-CAA for tumor de-
tection, treatment, and inflammation monitoring during PTT.
Prior to these experiments, we investigated the accumulation of
AuNRs@SiO2-CAA at the tumor site following intravenous in-
jection. AuNRs@SiO2-CAA was labeled with RhB. The labeled
AuNRs@SiO2-CAA exhibited detectable fluorescence at 580 nm
(Figure S20a, Supporting Information). As shown in Figure
S20b (Supporting Information), CT26 tumor-bearing mice
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Figure 4. Monitoring of HOCl in inflammation and tumor models via PA imaging with AuNRs@SiO2-CAA. a) AuNRs@SiO2-CAA (1.5 mg mL−1, 100
μL) was subcutaneously injected into circled area, followed by administering HOCl (100 μM, 100 μL) at the same area. PA images at 680 and 820 nm
were obtained at 5, 10, 15, and 20 min. b) PA intensity and PA intensity ratio (PA680/PA820) of the injection site shown in a) was quantified. c) LPS (1 μg
mL−1, 100 μL) was subcutaneously injected into circled area to establish a mouse back inflammation model, followed by administering AuNRs@SiO2-
CAA (1.5 mg mL−1, 100 μL) at the same area after 4 h. PA images at 680 and 820 nm were obtained at 5, 10, 15, and 20 min. d) PA intensity and PA
intensity ratio (PA680/PA820) of the back inflamed region of mice shown in c) was quantified. e) PA images of subcutaneous CT26 tumors before and
10, 20, 120, 240, and 360 min after subcutaneous administration of AuNRs@SiO2-CAA (1.5 mg mL−1, 100 μL). f) PA intensity and PA intensity ratio
(PA680/PA820) of the tumor region of mice shown in e) was quantified.

underwent FL imaging at various time points after intravenous
injection of RhB-labeled AuNRs@SiO2-CAA. The variation in
FL signals at the tumor site indicated a time-dependent accu-
mulation of AuNRs@SiO2-CAA (Figure S20c, Supporting In-
formation). Quantitative analysis of FL intensity revealed that
the highest FL intensity occurred at 12 h post-injection, fol-
lowed by a gradual decrease over time (Figure S20d, Support-
ing Information). These results indicate that AuNRs@SiO2-CAA
achieved maximal tumor accumulation at 12 h post-injection,
followed by gradual clearance through systemic circulation,
with most clearance achieved by 48 h. Ex vivo FL imaging
of tissues harvested at 6, 12, and 24 h post-injection exam-
ined the accumulation of AuNRs@SiO2-CAA in major organs
and tumors (Figure S20c,e, Supporting Information), with rel-
atively higher FL intensity observed in tumors harvested at 12
h post-injection. Therefore, the optimal timing for PTT was
determined to be 12 h post-intravenous injection of AuNRs
@SiO2-CAA.

The experimental procedure is depicted in Figure 5a. Tumor
models were established by subcutaneously injecting CT26 cells
into the right hind leg of mice. Tumor-bearing mice, with a tu-
mor volume reaching 100 mm3, were randomly divided into five
groups: PBS group, AuNRs@SiO2 group, AuNRs@SiO2-CAA

group, AuNRs@SiO2 + Laser group, and AuNRs@SiO2-CAA
+ Laser group. Intravenous injections were administered twice,
each with a dosage of 10 mg kg−1. Laser irradiation was con-
ducted on tumor-bearing mice 12 h after the first injection. PA
imaging was performed at different time points (0, 6, 12, 24, and
48 h) following the first injection. A second injection was admin-
istered 48 h after the first injection, followed by subsequent PA
imaging at different time points. Tumor volume and body weight
were measured every three days throughout the entire experi-
ment.

Figure 5b illustrates the IR thermographic images of mice
during the PTT process. The local tumor temperatures of mice
treated with AuNRs@SiO2 and AuNRs@SiO2-CAA increased to
54.9 °C and 53.3 °C, respectively, within 6 min under laser irradi-
ation (808 nm, 1.25 W cm−2). In contrast, the tumor temperature
of mice treated with PBS reached only 38.4 °C (Figure S21, Sup-
porting Information). The final tumor volumes of the five groups
of mice under different treatments are visually represented in
Figure 5c. Mice injected with AuNRs@SiO2 and AuNRs@SiO2-
CAA followed by laser irradiation exhibited tumor volumes below
100 mm3 after 21 days. In stark contrast, the tumor volumes of
mice in the PBS group and those without laser treatment reached
approximately 1500 mm3 on day 21 post-treatment (Figure 5d).
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Figure 5. In vivo PTT efficacy of AuNRs@SiO2-CAA. a) Schematic illustration of CT26 tumor xenograft establishment, administration modalities, moni-
toring and therapeutic timeline. b) IR thermal images of surface temperature change of tumor regions after 6 min irradiation at postinjection time of 12
h. c) Photographic images of the tumors collected from different groups of mice after treatment. d) Tumor volume of tumor-bearing mice against the
treatment time. e) H&E staining of tissue sections from different groups. f) Representative images of lungs dissected from mice of different groups.

These findings demonstrate the efficacy of the PTT mediated
by AuNRs@SiO2 and AuNRs@SiO2-CAA in tumor suppression.
Hematoxylin and eosin (H&E) staining of tumor slices shown in
Figure 5e indicates that laser irradiation induced significant lev-
els of cell apoptosis and tumor tissue necrosis, further confirm-
ing the therapeutic effect of PTT. H&E staining of major organs,
including the heart, liver, spleen, kidneys, and lungs, revealed no
significant abnormalities or lesions in any of the groups. Addi-
tionally, no significant differences in the body weights of mice
were observed among different groups throughout the entire ex-
perimental period (Figure S22, Supporting Information). These
findings indicate that AuNRs@SiO2-CAA exhibits excellent bio-
compatibility. Furthermore, the controllability of PTT ensures
minimal damage to tissues outside the tumor site.

However, despite a significant suppression of tumor in the first
10 days post-treatment in mice subjected to PTT, there was a sub-
sequent trend of recurrence (Figure 5d). Figure S23 (Support-
ing Information) demonstrates that PTT induces notable open
wounds at the tumor site, requiring an extended period for scab
formation. After the inoculation of CT26 cells in mice, sponta-
neous metastasis to other organs, such as the lungs, can occur.
To evaluate the level of lung metastasis during tumor growth and
PTT, lungs from different treatment groups were collected and
fixed in 4% paraformaldehyde containing 10% picric acid. The

appearance of white nodules in the lungs serves as an indicator
of tumor presence.[31] As observed in Figure 5f, the number of
nodules in mice subjected to laser irradiation did not show a sig-
nificant decrease compared to other groups, indicating that PTT
cannot inhibit tumor metastasis.

PA images of the mice in different groups were recorded at
680 nm and 820 nm at various time points during the experi-
ment, represented by red-blue and yellow-blue gradients, respec-
tively (Figure 6a). As shown in Figure 6b, in the AuNRs@SiO2
and AuNRs@SiO2 + Laser groups, PA signals were observed
only at 820 nm. The signals in these two groups were very sim-
ilar within the first 2 days after the initial intravenous injec-
tion, with PA820 increasing over time, peaking at 12 h post-
injection, and then gradually decreasing. Given that PA820 from
gold nanorods is insensitive to ROS, the observed signal increase
is attributed to the EPR effect, which leads to the accumulation
of the probe at the tumor site, while the subsequent decrease is
due to metabolism. However, after the second injection, these
two groups displayed notable differences. Despite similar trends,
PA820 in the laser-treated group was consistently lower than that
in the non-laser group throughout the imaging period, possibly
due to laser-induced damage to the tumor interior.

In the AuNRs@SiO2-CAA and AuNRs@SiO2-CAA + Laser
groups, PA signals were detected at both 680 nm and 820 nm
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Figure 6. Real-time monitoring of HOCl generation in tumor regions using AuNRs@SiO2-CAA. a) PA images of the tumor area were obtained 0–2 days
and 3–5 days after PTT following intravenous injection of AuNRs@SiO2-CAA (dose: 10 mg kg−1). b) PA intensity and c) PA intensity ratio (PA680/PA820)
of the tumor region of mice shown in a) was quantified.

(Figure 6b,c). The behavior of PA820 in these two groups re-
sembled that of the AuNRs@SiO2 and AuNRs@SiO2 + Laser
groups, suggesting comparable accumulation and metabolism
of AuNRs@SiO2 and AuNRs@SiO2-CAA at the tumor site.
Following the initial injection, PA680 gradually increased over
time, peaking at 12 h post-injection, then declining in the
AuNRs@SiO2-CAA group. The decline in the PA signal ratio
(PA680/PA820) suggests that the reaction between HOCl and
the probe occurred simultaneously with the probe accumulation.
This finding indicates the effective detection of increased HOCl
by AuNRs@SiO2-CAA in the tumor microenvironment. After
the second injection, the continuous decrease in PA680/PA820
in the AuNRs@SiO2-CAA group suggested heightened HOCl
presence as the tumor expanded, highlighting AuNRs@SiO2-
CAA’s potential in discerning tumors at varying stages. Follow-
ing the initial injection, PA680/PA820 in the AuNRs@SiO2-CAA
+ Laser group is significantly lower compared to the non-laser
group, implying PTT-induced inflammation and ROS accumu-
lation. The sustained decline in PA680/PA820 post-second injec-
tion in the AuNRs@SiO2-CAA+ Laser group indicated persistent
PTT-induced inflammation for at least five days post-treatment.
Additionally, a faint PA signal was observed in the tumors of the
PBS group, likely attributable to oxy- and deoxyhemoglobin ab-
sorption.

3. Conclusion

In summary, we developed a theranostic nanoprobe for ratio-
metric PA cancer detection and inflammation monitoring dur-
ing PTT through a HOCl response. The ratiometric PA probe,
AuNRs@SiO2-CAA, was synthesized by covalently linking a
HOCl-responsive PA molecular probe (CAA) to mesoporous
silica-coated AuNRs. CAA and AuNRs exhibit strong PA sig-
nals at 680 nm and 820 nm, respectively. In the presence of
HOCl, the reaction between HOCl and CAA results in a de-
crease in the PA680 signal, while PA820 remains unchanged.
AuNRs@SiO2-CAA demonstrated excellent specificity and sen-
sitivity, with a detection limit of 0.34 μM, surpassing most ex-
isting PA-based HOCl detection methods. At the cellular level,
AuNRs@SiO2-CAA effectively distinguished cancer cells and ac-
tivated macrophages by quantitatively detecting elevated HOCl
levels. In vivo, intravenously injected AuNRs@SiO2-CAA accu-
mulated significantly at tumor sites, with the intensity of the
ratiometric PA signal correlating with tumor size. Post-PTT,
AuNRs@SiO2-CAA effectively reflected the severity of inflam-
mation through monitoring HOCl levels. Our research results
are expected to strengthen PTT by enabling precise inflamma-
tion monitoring during treatment through AuNRs@SiO2-CAA-
mediated PA imaging in the future.
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4. Experimental Section
Raw Materials: All chemicals and reagents were obtained from

Sigma-Aldrich unless otherwise stated. Macrophage RAW 264.7 was at-
tained from the American Type Culture Collection (ATCC). N-nitroso-N-
methylrethane-induced undifferentiated CT26 colon carcinoma cell line
was obtained from Sigma-Aldrich. PBS, fetal bovine serum (FBS), Dul-
becco’s Modified Eagle Medium (DMEM), Trypsin-EDTA (0.25%), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from ThermoFisher Scientific. 4-AB was obtained from Sap-
phire Bioscience. Milli-Q water was supplied by Milli-Q Plus System and
used throughout the experiments.

Characterization: TEM images were acquired using a Hitachi HT-7700
transmission electron microscope (Japan) operated at 100 kV. The sam-
ples for TEM images were dispersed in water and then dropped on a cop-
per grid. FTIR spectra were recorded with a Nicolet iS10 spectrometer at a
resolution of 4 cm−1 for 32 scans to characterize surface chemical states
and bonds. UV–vis absorption spectra were measured using a Shimadzu
UV-2401 PC spectrometer. TGA was conducted on a Mettler Toledo TGA
LF1600. The zeta potential of nanoparticles was determined using a dy-
namic light scattering device (DLS, Zetasizer Nano, Malvern, UK). Flow cy-
tometry assays were conducted with a CytoFLEX flow cytometer. All living
cell images were captured on a Leica SP8 confocal laser-scanning fluores-
cence microscope. PA imaging was performed using the MSOT InVision
256-TF Scanner.

Synthesis of CAA: In a flask containing 10 mL acetic acid, compound
CAE (237.57 mg, 0.5 mmol) and 4-(dimethylamino)cinnamaldehyde
(0.175 mg, 0.6 mmol) were added and the mixture was stirred at 90 °C for
6 h. After cooling down to room temperature, the solvent was removed
under reduced pressure to give the crude product, that was then purified
by silica gel flash chromatography using CH2Cl2/EtOH (150:1 to 10:1) as
eluant to afford CAA (yield 80%) as green solid. NMR characterizations
of CAA were presented in Figure S24 (Supporting Information). 1H NMR
(400 MHz, DMSO-d6): 𝛿8.20 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 12.0 Hz,
1H), 7.86 (t, J = 8.0 Hz, 1H), 7.74 (t, J = 8.0 Hz, 1H), 7.62 (d, J = 8.0 Hz,
2H), 7.38 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 4.0 Hz, 1H), 7.28 (d, J = 4.0 Hz,
1H), 7.20 (d, J = 4.0 Hz, 1H), 7.16 (d, J = 12.0 Hz, 1H), 6.88 (d, J = 8.0
Hz, 1H), 6.78 (d, J = 12.0 Hz, 2H), 3.63 (d, J = 4.0 Hz, 4H), 3.05 (s, 6H),
2.83 (s, 2H), 2.55 (s, 1H), 1.99 (s, 1H), 1.75 (d, J = 16.0 Hz, 2H), 1.20 (s,
6H). 13C NMR (100 MHz, DMSO-d6): 𝛿170.79, 166.93, 157.64, 154.59,
152.32, 147.05, 133.55, 132.29, 132.06, 131.29, 130.99, 130.16, 129.53,
129.40, 124.43, 124.13, 120.56, 112.69, 112.58, 95.92, 60.22, 45.61, 25.03,
20.94, 12.96.

Synthesis of AuNRs@SiO2-CAA: The AuNRs were prepared using the
following protocol. In brief, 0.245 mL of 10 mM HAuCl4 was added to
7.9 mL of 0.12 M CTAB solution and 1.255 mL of Milli-Q water. Then, 0.6
mL of 10 mM NaBH4 (freshly prepared with cold water) was added under
vigorous stirring. The seed solution was mildly stirred at 27 – 30 °C before
use (light brown color). The growth solution was prepared by adding 0.47
mL of 10 mM HAuCl4 to 7.9 mL of 0.12 M CTAB and 1.27 mL of Milli-Q
water. Then, about 0.2 mL of 1 M HCl was added to adjust the pH value to
1.5, and the mixture was gently shaken and stirred for 5 min. Subsequently,
0.1 mL of 10 mM AgNO3 solution, 0.06 mL of 100 mM ascorbic acid and
0.018 mL of seed solution were added under vigorous shaking. Finally, the
resultant solution was left undisturbed at 30 °C for 12 h.

The AuNRs@SiO2-CAA were prepared as follows. After centrifugation
at 8500 rpm for 15 min twice, the AuNRs were re-suspended in 10 mL of
Milli-Q water and 2 mL ethanol. Then, 0.1 mL of 0.1 M NaOH was added
under stirring, followed by the dropwise addition of 0.03 mL of 20% TEOS
every 30 min for three times. The mixture was gently stirred overnight to
obtain AuNRs@SiO2. Afterward, 0.03 mL of 20% (v/v) APTES in ethanol
was dropwise added with incubation for 24 h to introduce amino groups
to the surface of silica. After obtaining AuNRs@SiO2-NH2, 1 mL of 1 mg
mL−1 CAA was prepared in 100 mM MES (pH 5–6). Then, 0.4 mg EDC
was added and stirred for 15 min, followed by the addition of 0.6 mg NHS,
and reacted for 15 min at room temperature. The solution pH was then ad-
justed to 7 before adding AuNRs@SiO2-NH2. Finally, the solution mixture
was stirred at room temperature for 2 h and purified by centrifugation.

Synthesis of Rhodamine (RhB)-Labeled AuNRs@SiO2-CAA: To label
AuNRs@SiO2-CAA with RhB, 120 μL of RhB isothiocyanate (concentra-
tion: 0.0719 mg mL−1) was mixed with a prepared AuNRs@SiO2-CAA so-
lution (2 mg mL−1). The mixture was stirred in the dark at 60 °C for 6 h. Free
RhB dye was then removed by centrifugation, and the pellet was washed
three times with Milli-Q water. The obtained RhB-labeled AuNRs@SiO2-
CAA was dispersed in PBS buffer, and its fluorescence properties were
characterized using fluorescence spectroscopy with an excitation wave-
length of 540 nm and an emission detection range of 550–700 nm. The
sample was then stored at 4 °C in the dark for future use.

HOCl Assay: To obtain the detection standard curve of AuNRs@SiO2-
CAA for exogenous HOCl, various concentrations of sodium hypochlorite
(NaOCl) (ranging from 0 μM to 35 μM) were added to PBS (pH 7.4) con-
taining AuNRs@SiO2-CAA (150 μg mL−1). The mixture was equilibrated
for 30 s before measurement. UV–vis absorption spectra from 400 to 1000
nm and PA signals at 680 nm and 820 nm were measured to plot the
curves.

The assay for enzymatic HOCl generation was conducted in PBS con-
taining 2 mM Cl− (pH 7.40). PBS, 150 μg mL−1 AuNRs@SiO2-CAA, and
0.05 U mL−1 MPO were gently mixed. After five minutes, the reaction was
initiated by adding 8 μM H2O2. To ensure metabolite formation was de-
pendent on both the enzyme and H2O2, parallel incubations were per-
formed with the enzyme inhibitor 4-AB (5 μM), without the enzyme source,
and without H2O2. The solutions were incubated at 37 °C for 25 min. UV–
vis absorption spectra and PA signals were then measured.

The detection of endogenous HOCl using AuNRs@SiO2-CAA was con-
ducted as outlined below: RAW264.7 cells and CT26 cells were cultured
in DMEM medium containing 10% (v/v) FBS, 100 U mL−1 penicillin,
and 100 μg mL−1 streptomycin at 37 °C under 5% CO2 and 95% air.
For RAW264.7 cells, after 24 h of incubation, adherent cells were washed
thrice with PBS buffer (pH 7.4). In the experimental group, RAW264.7 cells
were incubated with AuNRs@SiO2-CAA (150 μg mL−1) for 9 h, washed
thrice with PBS buffer (pH 7.4), then treated with LPS (1 μg mL−1) or
PMA (25 ng mL−1) for 3 h, washed again thrice with PBS buffer (pH
7.4), and subsequently subjected to PA imaging. In the control group,
RAW264.7 cells were incubated with AuNRs@SiO2-CAA (150 μg mL−1) for
9 h, washed thrice with PBS buffer (pH 7.4), and directly subjected to PA
imaging.

For CT26 cells, after 24 h of incubation, the culture medium was re-
moved, and the cells were washed thrice with PBS buffer (pH 7.4). Subse-
quently, fresh medium containing AuNRs@SiO2-CAA (150 μg mL−1) was
added, and the cells were further incubated for 9 h before PA imaging. Sub-
sequently, NaOCl (ranging from 0 to 20 μM) was added to the aforemen-
tioned culture dishes and equilibrated for 30 s for additional PA imaging.

Specificity Verification: To verify the specificity of AuNRs@SiO2-CAA,
various ROS were prepared, including NaOCl, peroxynitrite (ONOO−),
H2O2, singlet oxygen (1O2), hydroxyl radical (•OH), and superoxide
(•O2

−). NaOCl, ONOO−, and H2O2 were prepared by diluting the orig-
inal solutions with water. 1O2 was generated by mixing NaOCl and
H2O2. •OH was obtained through the Fenton reaction by combining
Fe(NH4)2(SO4)2·6H2O with H2O2, with final concentrations calculated
based on Fe2+. •O2

− was prepared by dissolving potassium superoxide
(KO2) in DMSO. Subsequently, different ROS (35 μM) were added to PBS
(pH 7.4) containing AuNRs@SiO2-CAA (150 μg mL−1), separately. UV–vis
absorption spectra were measured from 400 to 1000 nm. PA signals were
detected from 680 to 900 nm using the MSOT InVision 256-TF Scanner.

Cell Viability: RAW264.7 cells were seeded in a 96-well plate at a den-
sity of 5000 cells per well and cultured overnight. Subsequently, fresh
DMEM medium containing varying concentrations of AuNRs@SiO2-CAA
(0 – 400 μg mL−1) was added to replace the previous medium, and cells
were further incubated for 24 or 48 h. Cell viability was quantitatively ana-
lyzed using the MTT assay.

Cellular Uptake: The cellular uptake of AuNRs@SiO2-CAA was ana-
lyzed using flow cytometry and confocal microscopy. For flow cytometry,
RAW264.7 and CT26 cells were seeded in 24-well plates (1× 105 cells per
well) and cultured overnight. RhB-labeled AuNRs@SiO2-CAA were added
to the seeded RAW264.7 or CT26 cells at a final concentration of 150 μg
mL−1. Following incubation for various time points (0, 0.5, 3, 6, 6.5, 7, 8,

Adv. Funct. Mater. 2025, 35, 2414788 © 2024 Wiley-VCH GmbH2414788 (11 of 13)
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9, 12, and 24 h), the cells were washed three times with PBS, collected,
and subjected to flow cytometry analysis.

For confocal imaging, RAW264.7 and CT26 cells were seeded on
glass coverslips in 24-well plates (1× 105 cells per well) and incubated
overnight. The cells were incubated with RhB-labeled AuNRs@SiO2-CAA
(150 μg mL−1) for various durations (0, 0.5, 3, 6, 6.5, 7, 8, 9, 12, and 24 h).
After washing three times with PBS buffer to remove excess RhB-labeled
AuNRs@SiO2-CAA, the cells were subjected to confocal imaging. The ex-
citation wavelength was 555 nm using the red channel.

Photothermal Performance: Solutions containing 150 μg mL−1 of
AuNRs, AuNRs@SiO2, and AuNRs@SiO2-CAA were irradiated with a
laser (808 nm, 1.25 W cm−2) for 8 min. PTI were recorded at 2-min in-
tervals using an infrared thermal imaging camera (FLIR), and the temper-
atures were transformed accordingly.

To verify the effect of laser density on photothermal efficiency, solutions
containing 150 μg mL−1 of AuNRs, AuNRs@SiO2, and AuNRs@SiO2-CAA
were irradiated with lasers of different densities (0.25, 0.5, 1, 1.25, 1.5 W
cm−2) for 8 min, and PTI were recorded.

The photostability of AuNRs@SiO2-CAA was tested under 808 nm laser
on/off cyclic irradiation. Specifically, AuNRs@SiO2-CAA solutions were ir-
radiated for 8 min (laser on), followed by natural cooling for 15 min (laser
off). This on/off cycle was repeated four times, and the temperature of the
solution was measured every 30 sec.

Animal Experiments: All animal experiments were conducted follow-
ing the institutional guidelines for animal experimentation using the
animal-use protocols approved by The University of Queensland’s Ani-
mal Ethics Committee (2021/AE001029). The method for validating the
detection capability of AuNRs@SiO2-CAA for subcutaneous HOCl was as
follows: Female BALB/c mice (n = 4) were subcutaneously injected with
AuNRs@SiO2-CAA (1.5 mg mL−1, 100 μL) and HOCl (100 μM, 100 μL)
sequentially into the right hind leg. Mice injected only with AuNRs@SiO2-
CAA (1.5 mg mL−1, 100 μL) served as positive controls (n = 4). PA images
and signal intensities at 680 and 820 nm were recorded using the MSOT
InVision 256-TF Scanner at 5-min intervals.

AuNRs@SiO2-CAA was utilized for HOCl imaging in both inflamma-
tion and tumor models. The back inflammation model was established
by subcutaneously injecting LPS (1 μg mL−1, 100 μL) into the back of fe-
male BALB/c mice (n = 4). AuNRs@SiO2-CAA (1.5 mg mL−1, 100 μL) was
injected into the same location 4 h post-LPS injection. PA images and sig-
nal intensities were recorded at 5-min intervals. The tumor-bearing mouse
model was created by subcutaneously injecting CT26 cells (50 μL, 1 × 107

cells mL−1) into female BALB/c mice (n = 4). When the tumor volume
reached 100 mm3, AuNRs@SiO2-CAA (1.5 mg mL−1, 100 μL) was injected
around the tumor. PA images and signal intensities of these mice were
recorded at 0, 10, 20, 120, 240, and 360 min.

To validate the biodistribution of intravenously injected AuNRs@SiO2-
CAA, RhB-labelled AuNRs@SiO2-CAA (10 mg kg−1) were intravenously
injected into CT26 tumor-bearing mice (n = 8). FL imaging was conducted
using the IVIS optical imaging system at 0, 2, 4, 6, 12, 24, 36, 48, and 72 h
post-injection. Mice were euthanized at 6, 12, 24, and 72 h post-injection,
and major organs and tumors were collected for ex vivo imaging.

For in vivo photothermal imaging, PBS, AuNRs@SiO2, and
AuNRs@SiO2-CAA (10 mg kg−1) were intravenously injected into
CT26 tumor-bearing mice (n = 4 per group). 12 h post-injection, each
group was subjected to laser irradiation (808 nm, 1.25 W cm−2, 6 min).
PTI were recorded using FLIR every 2 min, and the temperatures were
converted accordingly.

The procedure for tumor detection, PTT, and inflammation monitoring
during PTT using AuNRs@SiO2-CAA in tumor-bearing mice was as fol-
lows:

Experimental groups setup: When the tumor volume of CT26 tumor-
bearing mice reached 100 mm3 (approximately 7 days post-cell injection,
designated as day 0), the mice were randomly divided into five groups (n
= 4 per group): PBS, AuNRs@SiO2, AuNRs@SiO2-CAA, AuNRs@SiO2 +
Laser, and AuNRs@SiO2-CAA + Laser.

Injections and treatments: PBS, AuNRs@SiO2, and AuNRs@SiO2-CAA
dispersed in PBS were intravenously injected into the mice on day 0. Laser
irradiation (808 nm, 1.25 W cm−2, 6 min) was performed on the groups

requiring laser irradiation 12 h post-injection. Mice were intravenously in-
jected for the second time on day 3.

Monitoring and data collection: PA images and signal intensities at 680
and 820 nm were recorded at 0, 6, 12, 24, and 48 h post both injections.
Weight and tumor volume of all mice were recorded every 3 d. Tumor vol-
ume was calculated using the formula: Volume = Length × Width2 × 0.5.

Endpoint analysis: After 3 weeks, euthanasia was performed on all mice
to collect tumors and major organs (heart, liver, spleen, lungs, and kid-
neys), followed by further slicing for H&E staining.

Statistical Analysis: All the experiments were performed in triplicate
with the data presented as mean± SEM (standard error of the mean) using
GraphPad Prism.
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