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rbon nanotubes hitchhike on Ly-
6Chi monocytes for photoacoustic image-guided
photothermal shock therapy of metabolic
inflammation

Ruixi Peng,a Mengyun He,a Yi Yuan,b Li-Juan Tang,a Jianhui Jiang a

and Xia Chu *a

Metabolic inflammation (metaflammation) may occur throughout the body and evolve into various

metabolic syndromes, so developing a universal approach for diagnosing and treating metaflammation is

meaningful. Here, we developed a single-walled carbon nanotube (SWNT)-based photothermal shock

therapy (PTST) for photoacoustic image-guided therapy of metaflammation. Mechanistically, SWNTs are

specifically taken up by Ly-6Chi monocytes in peripheral blood and then rerouted to inflamed tissues via

Ly-6Chi monocyte hitchhiking. Due to the accumulation of SWNTs, inflamed tissues can be distinguished

by photoacoustic imaging. For treating metaflammation, inflamed tissue gated by photoacoustic imaging

is irradiated with near-infrared light and heated to heat shock temperature (around 42 °C). At this

temperature, lesional macrophages upregulate the expression of HSP70, which blocks the activation of

inflammatory pathways and protects cells from metabolic and inflammatory stress. We successfully

identified the lesional liver and aorta and implemented PTST in type 2 diabetes and atherosclerosis

model mice. Compared with traditional photothermal therapy (PTT), PTST controls the temperature in

a safer and narrower range, implying the prospect of precise temperature control in disease treatment.
Introduction

Metabolic inammation (metaammation) is caused by the
abnormal activation of immune cells due to the accumulation
of excessive nutrients in the blood and organs and is oen
found in obese individuals.1–3 Persistent metaammation is
related to the development of severe metabolic syndromes, such
as non-alcoholic fatty liver disease (NAFLD),4 type 2 diabetes
(T2D),5 and atherosclerosis.6 In fact, organisms possess some
mechanisms to combat metabolic stress. Heat shock proteins
(HSPs) are a family of stress response proteins found in all
species exposed to stressful conditions.7 Not only does intra-
cellular HSP70 (iHSP70) protect cells from high-temperature
damage, but it also exerts a powerful anti-inammatory effect
by blocking the activation of nuclear factor kB (NF-kB) and c-Jun
N-terminal kinase (JNK) signal pathways.8–10 The anti-
inammatory effect of HSP70 protects cells from long- and
short-term metabolic challenges in adipose tissue.11 Unsur-
prisingly, many metabolic syndrome patients show lower HSP
expression.12–14 Restoring the function of HSPs has been
sing, College of Chemistry and Chemical
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considered an attractive method for preventing and treating
metaammation. Experimental evidence suggests that upregu-
lation of HSPs through transgenosis, HSP70 inducers (BGP-15)
or mild hyperthermia can alleviate metaammation and related
diseases in mouse models.15–18 However, these methods cannot
accurately and controllably activate HSPs in inamed tissues,
and undesired activation of HSPs in healthy tissues may result
in a series of side effects. Over-expression of HSPs has been
proven to be associated with the development of meningitis and
cancer, and extracellular HSPs cause a strong inammatory and
immune response.19–21 Therefore, it is necessary to regulate
HSPs at precise time and in specic locations.

Near infrared (NIR) light, characterized by high spatial and
temporal resolution, good tissue permeability and minimal
photodamage, has emerged as a powerful tool for manipulating
cell behavior.22 Together with photosensitive nanomaterials,
more diverse functions can be achieved within cells under the
control of NIR light. For example, thermosensitive promoters,
thermosensitive cation channel proteins and lipid ras can be
controlled by the photothermal effect of nanomaterials.23–27

However, targeted delivery of nanomaterials to specic organs
and cells still faces huge challenges. In particular, meta-
ammation occurs in multiple sites of the body, including the
vasculature, heart, kidney, brain, pancreatic islet, skeletal
muscle and liver.5 To solve this problem, we turned our
© 2025 The Author(s). Published by the Royal Society of Chemistry
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attention to single-walled carbon nanotubes (SWNTs), because
they can be specically and rapidly taken up by Ly-6Chi mono-
cytes in blood.28 These cells, being the primary circulating cells,
are rapidly recruited to inamed tissues, differentiating into
inammatory macrophages and playing a crucial role in the
inammation process.29 Therefore, we reasoned that SWNTs
can accumulate in macrophages within inamed tissue via Ly-
6Chi monocyte hitchhiking. Moreover, SWNTs possess excellent
optical absorption in the NIR region, high photothermal
conversion efficiency and good biocompatibility, which are
suitable for controlling cells via NIR light in vivo. Furthermore,
irradiation of SWNTs with NIR generates a strong photoacoustic
(PA) signal.30,31 PA imaging, which combines the superior
sensitivity of optical imaging with the sufficient penetration
depth of acoustic imaging, is suitable for noninvasive imaging
with deep tissue penetration and high spatial resolution.32,33

Accordingly, SWNTs are promising for identifying inamed
tissues and enabling PA image-guided therapy for
metaammation.

In this study, we proposed a new strategy to alleviate meta-
ammation by photothermal regulation of HSP70 in lesional
macrophages, which was named photothermal shock therapy
(PTST). The mechanism of PTST is shown in Fig. 1. Once the
SWNTs are injected intravenously, they are rapidly and
Fig. 1 Schematic illustration depicting the accumulation of SWNTs in
inflammation. Metaflammation may occur throughout the body, includin
and liver. For targeting inflamed tissues, SWNTs are injected via the tail ve
in the blood. The Ly-6Chi monocytes then carry SWNTs to the lesional site
location of SWNT accumulation. At physiological temperature (37 °C),
abnormally and constantly activated, leading to the continuous secretio
opment of chronic inflammation. After 808 nm laser irradiation, the temp
upregulation of HSP70 in lesional macrophages. HSP70 protects IKBa from
suppresses the activation of NF-kB and JNK signal pathways.

© 2025 The Author(s). Published by the Royal Society of Chemistry
specically engulfed by Ly-6Chi monocytes and rerouted to
inamed tissue via Ly-6Chi monocyte hitchhiking. Then, PA
imaging is used for nding the accurate lesional site and for
gating the location of NIR irradiation. Aer being exposed to
NIR laser irradiation, the macrophages located in inamed
tissues upregulate the expression of HSP70 in response to the
subsequent temperature rise. Unlike traditional photothermal
therapy (PTT) that requires heating tissue to more than 60 °C,
PTST only needs to heat cells to around 42 °C, which is safe and
sufficient to induce the expression of HSP70. HSP70 blocks the
activation of NF-kB and JNK inammatory pathways and the
secretion of inammatory cytokines, as well as protects cells
under inammatory conditions. We demonstrated that SWNTs
were taken up by almost 100% of Ly-6Chi monocytes in
peripheral blood and 40% of macrophages in the inamed liver
and aorta. Due to the different accumulation tendencies of
SWNTs, healthy and pathological tissues can be effectively
distinguished by PA imaging. We successfully implemented
PTST in db/db mice (T2D model mice) and ApoE−/− mice
(atherosclerosis model mice). Aer a period of PTST, the
symptoms of both model mice were alleviated. We believe that
PTST opens up new horizons for traditional PTT, and the
customized delivery of heat signals to cells enables PTT to
evolve into more diverse applications.
lesional macrophages and the mechanism by which PTST alleviates
g the vasculature, heart, kidney, brain, pancreatic islet, skeletal muscle
in, and they are rapidly and specifically taken up by Ly-6Chi monocytes
s and differentiate intomacrophages. PA imaging is used to identify the
NF-kB and JNK inflammatory pathways of lesional macrophages are
n of pro-inflammatory factors (IL-6, IL-1b and TNF-a) and the devel-
erature of lesional macrophages increases to around 42 °C, causing the
degradation, inhibits the phosphorylation of P65 and JNK and thereby

Chem. Sci., 2025, 16, 16936–16946 | 16937
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Results and discussion
Preparation and characterization of SWNTs

The synthesis of SWNTs was performed as previously
described.34 Raw SWNTs were functionalized with 1,2-di-
stearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene
glycol)-5000 (DSPE-PEG5000) through hydrophobic interaction.
This non-covalent method is more efficient and does not affect
the inherent optical properties of SWNTs.35 DSPE-PEG5000 is
used to disperse SWNTs in aqueous solutions, prolong in vivo
circulation time and enhance biocompatibility. As shown by
transmission electron microscopy (TEM) and atomic force
microscopy (AFM) images, SWNTs exhibited a 2–3 nm nanotube
structure (Fig. S1A and B). The UV-vis-NIR spectra show that
SWNTs have strong absorption in the NIR region (Fig. S1C).
Raman spectra show that SWNTs possess three characteristic
peaks, a strong G band near 1580 cm−1, a D band near
1360 cm−1 and a radial breathing mode (RBM band) around
250 cm−1 (Fig. S1D). The G band represents the tangential
displacement of carbon atoms, the D band is derived from
carbon tube defects and the RBM band is the signature vibra-
tion of one-dimensional nanostructures. The PA spectra
demonstrated that SWNTs can generate strong PA signals at
700–900 nm (Fig. S2), and the PA intensity is highly dependent
Fig. 2 Photothermal and photoacoustic effects of SWNTs. (A) PA inte
concentrations (0, 10, 20, 50, and 100 mg mL−1). (B) Real-time infrared the
nm, 0.5 W cm−2). (C) Schematic illustration of the irradiation strategy. SW
the temperature reached 42 °C, adjust the irradiation strategy (On:
measurements of SWNTs (50 mg mL−1) under precisely controlled NIR (8
view of the last 5 min of the left image. Yellow areas indicate irradiation, w
data are presented as mean ± S.D.

16938 | Chem. Sci., 2025, 16, 16936–16946
on the concentration of SWNTs (Fig. 2A). SWNTs remained
stable for 7 days in ddH2O, PBS, fetal bovine serum (FBS) and
complete medium, suggesting good stability and dispersibility
of SWNTs in various solution systems (Fig. S3).
Optimization of the irradiation strategy

As temperatures increased to 42 °C, cells were subjected to heat
shock and subsequently upregulated the expression of HSP70.
Incubation at this temperature for several hours does not
signicantly affect the activity of cells, while cells incubated
above 46 °C will die within a few minutes.36 So it is necessary to
stabilize the photothermal temperature at about 42 °C. In order
to nd suitable irradiation conditions to implement PTST, we
evaluated the photothermal effect of SWNTs. SWNTs dissolved
in PBS were irradiated with an 808 nm laser for 5 min. The rate
of temperature rise increased with the increase of SWNT
concentration (0–200 mg mL−1) or laser power density (0.1–
1.0W cm−2) (Fig. S4). At a relatively low SWNT concentration (50
mg mL−1) and laser power density (0.5W cm−2), the temperature
reached 42 °C in 2 min and tended to be stable when it rose to
47 °C (Fig. S4B). We adopted this condition and further
adjusted the irradiation strategy for maintaining the photo-
thermal temperature at about 42 °C. As shown in Fig. 2C, we
adopted a discontinuous irradiating mode that repeated the
nsity and imaging of SWNTs dispersed in PBS buffers with different
rmal imaging of SWNTs (50 mg mL−1) and PBS with NIR irradiation (808
NTs (50 mg mL−1) were irradiated with NIR (808 nm, 0.5 W cm−2). Once
18 s, Off: 12 s) to stabilize the temperature. (D) Transient thermal
08 nm, 0.5 W cm−2) irradiation. The picture on the right is an enlarged
hile white areas do not. All experiments were repeated three times, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cycle of turning on the laser for 18 s and then turning off for 12 s
once the photothermal temperature reached 42 °C. Discontin-
uous heating mode has been proven to be more effective in
inducing HSPs and conducive to heat diffusion, which avoids
local overheating.37 Under this irradiation strategy, the photo-
thermal temperature was kept between 41 and 43 °C for a long
time (Fig. 2D). In summary, we could easily and accurately
control the photothermal temperature by adjusting the
concentration of SWNTs, the laser power density and the irra-
diation strategy, which laid the foundation for us to test PTST in
vivo and in vitro.
Cytotoxicity assay of PTST

Good biocompatibility and low toxicity are prerequisites for
applying PTST. Thus, we used the Cell Counting Kit-8 (CCK-8)
assay to examine the toxicity of SWNTs and heat shock
temperature on mouse leukemia monocyte macrophage
RAW264.7 cells. The viability data of RAW264.7 incubated with
SWNTs (0–200 mg mL−1) for 24 hours showed no obvious cyto-
toxicity, indicating their good biocompatibility (Fig. S5A). To
assess the cytotoxicity of PTST on macrophages, RAW264.7 cells
were incubated with SWNTs (50 mg mL−1) for 2 hours and then
exposed to NIR (808 nm, 0.5 W cm−2) laser irradiation. By
Fig. 3 PTST upregulates the expression of HSP70 and inhibits the activati
receiving PTST treatment and inflammatory pathway activation after LP
RAW264.7 after different times of PTST. The control group received no tr
the positive control. GAPDH was used as a loading control. (C and D) ELIS
pretreated with PTST at different times after LPS stimulation. Data are s
analyzed by one-way ANOVA. *p # 0.05, **p # 0.01, ***p # 0.001, ****
TNF-a (F) and IL-1b (G) by RAW264.7 cells after the indicated treatmen
control. Data are shown as mean± S.D. of three or four independent exp
0.0001. (H and I) Western blot analysis of the expression of IKBa and phos
treatment. The group treated in a water bath for 1 hour served as the po

© 2025 The Author(s). Published by the Royal Society of Chemistry
precisely controlling irradiation conditions, RAW264.7 cells
were subjected to heat shock temperature for different times (0–
25 min). Similarly, no obvious cytotoxicity was observed, indi-
cating that RAW264.7 cells are tolerant to this temperature
(Fig. S5B). These data conrmed that PTST can be achieved
safely and conveniently by using SWNTs and NIR light.

Some evidence indicates that monocytes secrete IL-1b aer
phagocytosing multi-walled carbon nanotubes (MWCNTs),
triggering an inammatory response.38 Therefore, we further
tested whether SWNTs could stimulate RAW264.7 cells to
secrete IL-1b. ELISA data showed that RAW264.7 cells co-
incubated with SWNTs (50 mg mL−1) for 6 hours did not upre-
gulate the expression of IL-1b (Fig. S6).
Upregulating HSP70 and inhibiting inammatory pathways
by PTST in vitro

We rst veried whether PTST could upregulate HSP70 in
RAW264.7 cells. RAW264.7 cells were co-incubated with SWNTs
(50 mg mL−1) for 2 hours and then exposed to NIR (808 nm,
0.5 W cm−2) laser irradiation for different times (Fig. 3A). We
also placed RAW264.7 cells in a 42 °C water bath for 1 hour as
a positive control. The western blot data showed that the
expression of HSP70 was signicantly increased by only 5 min of
on of inflammatory pathways. (A) Schematic diagram of RAW264.7 cells
S stimulation. (B) Western blot analysis of the expression of HSP70 in
eatment. The group treated in a water bath (42 °C) for 1 hour served as
A analysis of the secretion of TNF-a (C) and IL-6 (D) by RAW264.7 cells
hown as mean ± S.D. of three or four independent experiments, and
p # 0.0001 vs. 0 min. (E–G) ELISA analysis of the secretion of IL-6 (E),
t. The group treated in a water bath for 1 hour served as the positive
eriments, and analyzed by one-way ANOVA. ***p# 0.001 and ****p#

phorylation of p65 (H) and JNK (I) in RAW264.7 cells after the indicated
sitive control. Tubulin and GAPDH were used as a loading control.

Chem. Sci., 2025, 16, 16936–16946 | 16939
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PTST and the expression of HSP70 by 25 min of PTST was
similar to that of the positive control (Fig. 3B). Because extra-
cellular HSP70 (eHSP70) served as a potent proinammatory
signal, we next sought to explore whether PTST could promote
RAW264.7 cells releasing HSP70 out of cells. We collected the
supernatant of RAW264.7 cells treated with PTST and found
that the level of HSP70 was equivalent to that of the untreated
group (Fig. S7). The eHSP70 was also unchanged in groups
treated separately with SWNTs or NIR. These data proved that
PTST was a powerful way to induce iHSP70 but not eHSP70.

Macrophages treated with LPS can be polarized to the M1
phenotype (inammatory phenotype), which is commonly used
in establishing an inammation model. We used LPS to stim-
ulate the PTST-treated RAW264.7 cells and characterized their
secretion of inammatory factors (Fig. 3A). As shown in Fig. 3C
and D, the secretion of IL-6 and TNF-a decreased with the
prolongation of PTST pretreatment time, and 5 min of PTST
could be effective. This trend was contrary to the expression of
iHSP70: the more HSP70 expressed by RAW264.7 cells, fewer
pro-inammatory factors they secreted aer LPS treatment. The
decline of IL-1b, IL-6 and TNF-a secreted by RAW264.7 cells
treated in a 42 °C water bath was comparable to that of
RAW264.7 cells treated with 25 min PTST, while RAW264.7 cells
treated only with SWNTs or NIR had no inhibitory effect on the
secretion of inammatory factors (Fig. 3E–G). We further
investigated the impact of PTST on the macrophage
Fig. 4 SWNTs were selectively taken up by inflammatory monocytes a
identify the selective uptake of SWNTs into white blood cells. n = 3 m
confirmed the trend of uptake by organs in WT, db/db and ApoE−/− mic
aorta confirmed the selective accumulation of SWNTs in the lesional
macrophages and Ly-6Chi monocytes in the lesional liver of db/db mice
co-localization was confirmed by confocal images of the liver of db/dbm
and green: SWNTs. Scale bar: 50 mm. n= 3mice per group. All data are pre
way ANOVA. **p # 0.01 and ns, no significance.

16940 | Chem. Sci., 2025, 16, 16936–16946
inammatory pathway. The activation of the NF-kB pathway is
characterized by the degradation of IKBa as well as the phos-
phorylation of P65. The activation of JNK is featured by phos-
phorylation of JNK. As shown in Fig. 3I and J, degradation of
IKBa as well as phosphorylation of p65 and JNK was found in
LPS-treated RAW264.7 cells, while cells pretreated with PTST or
in a water bath suppressed the activation of these inammatory
pathways. RAW264.7 cells treated with SWNTs or NIR alone did
not affect the activation of these two pathways (Fig. 3H and I).
To sum up, PTST could inhibit the secretion of inammatory
factors and the activation of inammatory pathways in cells
exposed to inammatory stimulation.
SWNTs are selectively taken up by inammatory monocytes

To investigate the interaction between SWNTs and monocytes,
SWNTs were labeled with FITC or Cy5.5 (SWNT-FITC and
SWNT-Cy5.5). We rst studied the interaction between
RAW264.7 cells and SWNTs in vitro. SWNT-FITC or SWNT-Cy5.5
were signicantly taken up by RAW264.7 cells within 0.5 h, and
the uptake of SWNTs increased gradually with the extension of
co-incubation time (Fig. S8A and B). These data demonstrated
that the uptake of SWNTs by monocytes was very fast. We next
explored which cell types were prone to uptake SWNTs in
peripheral blood. Blood from wild type (WT) C57BL/6 mice was
collected aer 2 hours of tail vein injection of SWNT-FITC.
nd accumulated in inflammatory tissues. (A) Flow cytometry assay to
ice per group. (B) Flow cytometry analyses of homogenized organs
e. n = 3 mice per group. (C) Flow cytometry analyses of homogenized
aorta. n = 3 mice per group. (D and E) SWNTs accumulated within
(D) and aorta of ApoE−/− mice (E). (F) Lesional macrophage and SWNT
ice and aortic sinus of ApoE−/− mice. Blue: nucleus, red: macrophage
sented asmean± S.D. All statistical analysis was conducted using one-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fluorescence activating cell sorter (FACS) analysis was used to
identify the subsets of immune cells that took up SWNTs in
blood. Near 100% of circulating Ly-6Chi, CD11b+ monocytes
took up SWNTs (Fig. 4A). However, other circulating white
blood cells exhibited minimal uptake of SWNTs, such as 7.6%
of neutrophils, 8.7% of Ly-6Clow monocytes and 1.9% of
dendritic cells (Fig. 4A). These data indicated that SWNTs are
quickly and selectively taken up by Ly-6Chi monocytes once they
are injected into blood.
SWNTs accumulate in inamed tissues

Because Ly-6Chi monocytes are recruited to inamed tissues, we
further explored whether SWNTs could accumulate in lesional
tissues via Ly-6Chi monocyte hitchhiking. ApoE−/− mice are
generally used to study atherosclerosis, and their aortic arches
suffer from chronic inammation.39,40 db/db mice are typical
T2D model mice and their livers, the main insulin-sensitive
organ, are affected by chronic inammation.41 ApoE−/−, db/db
and WT mice were used for the following experiments. Aer
systemic injection of SWNTs for 24 hours, ow cytometry
analyses of the homogenized organs showed that high uptake of
SWNTs in macrophage-rich organs (liver and spleen) in all three
model mice (Fig. 4B and S9). Moreover, the percentage of cells
engulng SWNTs in the liver of db/dbmice was twice that of WT
mice (Fig. 4B and S9A and B). In the aorta of ApoE−/−mice, more
than 2% of cells took up SWNTs, while negligible cells in the
aorta of WT mice took up SWNTs (Fig. 4C and S10). These data
indicated that inamed tissues accumulated more SWNTs. We
further explored which cell type in inamed tissues carried
Fig. 5 In vivo photoacoustic imaging of SWNTs. (A and B) Typical cross-s
(B) with different time periods after injection of SWNTs into ApoE−/−, db/
were used to indicate liver or carotid artery locations. PA intensity of the
data are presented as mean ± S.D.

© 2025 The Author(s). Published by the Royal Society of Chemistry
SWNTs. In the lesional liver and aorta, around 40% of Ly-6Chi

monocytes and macrophages took up SWNTs (Fig. 4D and E),
while below 10% of other types of cells took up SWNTs
(Fig. S11). Confocal microscopy also showed that SWNTs co-
localized with macrophages in lesional tissues (Fig. 4F).
Therefore, we inferred that the majority of SWNTs accumulated
in the lesional macrophages.

Due to the different accumulation patterns of SWNTs in
healthy and lesional tissues, we next explored whether this
difference could be distinguished through PA imaging to help
us identify inammatory sites. The PA signal in the liver of db/
db mice increased rapidly and reached its peak 4 hours aer
injection of SWNTs. The PA signal change in the liver of WT
mice displayed the same trend, but the signal intensity was
twice weaker than that of the liver in db/db mice (Fig. 5A). The
PA signal observed in the liver of WT mice arises from the fact
that the liver serves as the primary organ for nanomaterial
clearance. In contrast, the inamed liver not only clears SWNTs
but also attracts a signicant number of Ly-6Chi monocytes,
thereby accounting for the intensied PA signal detected in the
inamed tissue. Therefore, SWNTs can effectively distinguish
between a healthy liver and an inamed liver. The carotid artery
of ApoE−/−mice displayed the strongest PA signal (about 7 times
higher than before injection of SWNTs) aer 12 hours of
injection of SWNTs, while the carotid artery of WT mice could
not detect a PA signal change aer injection of SWNTs (Fig. 5B).
Thus, SWNTs can also effectively distinguish between a healthy
aorta and an inamed aorta. The above data proved that SWNTs
served as a universal PA contrast agent for detecting tissues
affected by metaammation. We also used an in vivo image
ection and side-looking photoacoustic photos of the liver (A) and aorta
db and WT mice. n = 3 mice per group. The areas within the white line
carotid artery or liver at different time points is shown on the right. All

Chem. Sci., 2025, 16, 16936–16946 | 16941

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05091j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

11
/2

02
5 

7:
32

:0
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
system (IVIS) to monitor the real-time distribution of SWNT-
Cy5.5 in vivo. The liver uorescence of db/db mice reached its
peak 4 hours post-injection of SWNT-Cy5.5, which was much
higher than that of WT mice (Fig. S12). The uorescence in the
aorta site of ApoE−/− mice reached its peak 12 hours post-
injection of SWNT-Cy5.5, while WT mice had negligible uo-
rescence in the aorta site (Fig. S13). The trend of the uores-
cence signal was similar to the PA signal.

In order to achieve PTST in vivo, we explored whether SWNTs
accumulated in organs could induce sufficient temperature rise
aer NIR irradiation. Organs from WT mice were collected 12
hours aer injection of SWNTs and received NIR (808 nm, 0.5 W
cm−2) irradiation for 5 min. Only the temperature of the liver
could rise to 46 °C aer 5 min of irradiation, while the
Fig. 6 In vivo PTST relieved T2D. (A) Schematic illustration of db/dbmice
of each groupmeasured weekly (n= 5). (C) Fasting insulin value ofmice at
weeks (n = 5). (E and F) Blood glucose levels during IPGTTs and quantifica
levels during IPITTs and quantification of AUC (n = 5). (I) Representative O
100 mm. (J and K) ELISA analysis of the expression levels of IL-6 (J) and
fluorescence analysis (M) of the expression levels of HSP70 in the liver
fluorescence (O) analysis of the expression levels of p-JNK in the liver (n =

analysis was conducted using one-way ANOVA. *p # 0.05, **p # 0.01,

16942 | Chem. Sci., 2025, 16, 16936–16946
temperatures of other organs did not exceed 40 °C (Fig. S14A–
G). Livers of db/dbmice were collected 4 hours aer injection of
SWNTs and received NIR (808 nm, 0.5 W cm−2) irradiation for
5 min and the temperature could reach nearly 50 °C (Fig. S14H–

J). Aortas of ApoE−/−mice were collected 12 hours aer injection
of SWNTs and received NIR (808 nm, 0.5W cm−2) irradiation for
5 min and the temperature could reach nearly 45 °C (Fig. S14K–
M). The temperature of organs collected from the PBS group
was almost unchanged aer NIR irradiation (Fig. S14). Funda-
mentally, the trend of temperature rise was consistent with the
amount of SWNTs accumulated in organs (Fig. 4B and C). These
data implied that SWNTs accumulated in inamed tissues were
sufficient for implementing PTST.
receiving various treatments. (B) Fasting blood glucose concentrations
the age of 10weeks (n= 5). (D) HOMA-IR value of mice at the age of 10
tion of the area under the curve (AUC, n = 4). (G and H) Blood glucose
RO-staining images of liver tissues from db/dbmice (n = 5). Scale bar:
TNF-a (K) in the liver (n = 5). (L and M) Western blot (L) and immuno-
(n = 5). Scale bar: 100 mm. (N and O) Western blot (N) and immuno-
5). Scale bar: 100 mm. All data are presented as mean ± S.D. Statistical

***p # 0.001 and ****p # 0.0001.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In vivo PTST prevented atherosclerosis. (A) Schematic illustration of ApoE−/−mice receiving various treatments. (B) Representative images
of ORO-stained aortic sinus sections. Scale bar= 100 mm.Quantification of the ORO-stained area of the aortic sinus is shown on the right (n= 8).
(C) Representative images of ORO-stained aortic sinus sections. Scale bar: 100 mm. Quantification of the ORO-stained area is shown on the right
(n= 7). (D) Immunofluorescence analysis of the expression of HSP70 and phosphorylation of JNK (n= 7). Scale bar: 50 mm. All data are presented
as mean ± SD. Statistical analysis was conducted using one-way ANOVA. *p # 0.05, **p # 0.01.
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PTST relieves T2D

We successfully demonstrated that PTST could alleviate
inammation in vitro and sufficient SWNTs could be accumu-
lated in lesional tissues. Hence, we next explored whether PTST
could alleviate inammation and related diseases in vivo. The
db/db mice, T2D model mice, exhibit hyperglycemia associated
with obesity at 6 weeks of age. For the therapy of T2D, db/db
mice (male, 6 weeks) were randomly divided into 4 groups: (a)
control group; (b) NIR group; (c) SWNTs group; (d) PTST group.
WT mice were regarded as healthy controls. The SWNT solution
(1 mg kg−1) was administered intravenously in groups (c) and
(d) twice a week, while the mice in groups (a) and (b) received
the same volume of PBS. 4 hours post injection, groups (b) and
(d) were irradiated using NIR (808 nm, 0.5 W cm−2) at the liver
site for 25 min (Fig. 6A). At the age of 6 weeks, fasting blood
glucose of four groups of db/db mice was about 10 mmol L−1,
which was higher than that of the WT group (about 6 mmol L−1)
(Fig. 6B). These data proved that db/db mice had hyperglycemia
symptoms at the age of 6 weeks. Throughout the experimental
period (6–10 weeks of age), fasting glucose of the PTST group
and WT group remained constant, while the other three groups
increased to around 20 mmol L−1 (Fig. 6B). Aer 4 weeks of
treatment, the PTST resulted in reduced fasting insulin levels
and insulin resistance as measured by the homeostatic model
assessment of insulin resistance (HOMA-IR) (Fig. 6C and D). In
contrast, db/db mice of the other three groups suffered from
hyperglycemia, hyperinsulinemia, and elevated HOMA-IR
(Fig. 6B–D). We also performed intraperitoneal injection (I.P.)
glucose tolerance tests (IPGTTs) and I.P. insulin tolerance tests
(IPITTs) on the mice. The PTST group showed a markedly
improved insulin and glucose tolerance (Fig. 6E–H). Histolog-
ical evaluation via oil red O (ORO) -staining showed that PTST
alleviated hepatic steatosis (Fig. 6I). db/db mice also had
symptoms of polydipsia and polyuria. We found that the mouse
bedding of the PTST group was drier than that of the other three
groups (Fig. S15A), and food and water intake of the PTST group
were lower than that of the other three groups (Fig. S15B and C).
In conclusion, PTST alleviated a series of symptoms of T2D.

We further explored whether hepatic inammation was
relieved aer PTST. According to the ELISA data, the lowest level
of inammatory cytokines in livers was observed in the PTST
group (Fig. 6J and K). Furthermore, the expression of HSP70 was
downregulated in the livers of db/dbmice compared with that in
WT mice. Aer PTST treatment, the expression of HSP70 in the
liver was signicantly increased and higher than that of the WT
group, while there was no change in the HSP70 level in the NIR
and SWNTs groups (Fig. 6L and M). We also tested the level of
HSP70 in serum and found that there was no signicant
difference among all groups (Fig. S16), which indicated PTST
did not change eHSP70. In addition, the lowest level of phos-
phorylation of JNK (Fig. 6N and O) in livers was observed in the
PTST group. These data showed that PTST could efficiently
upregulate the expression of HSP70 and relieve inammation in
vivo. During the experiment, the body weight of mice in each
group had no signicant difference and continued to increase
(Fig. S17). The hematoxylin and eosin (H&E) staining photos of
16944 | Chem. Sci., 2025, 16, 16936–16946
the main organs showed that no obvious damage was observed
in each group (Fig. S18). These results veried that it was safe to
use SWNTs to implement PTST.
PTST prevents atherosclerosis

To assess the therapeutic effect of PTST on atherosclerosis,
ApoE−/− mice (male, 8 weeks) on a high-fat diet were randomly
divided into 4 groups as described above (control, NIR, SWNT
and PTST groups). SWNTs were injected twice a week, and the
cardiac region was irradiated to NIR (0.5 W cm−2) for 25 min, 12
hours post injection (Fig. 7A). Aer 12 weeks of treatment, in the
PTST group, ORO-staining displayed a signicant 45.8%
reduction (4.9% vs. 10.7%) in en face prepared aortic arch lesion
areas (within the dashed box) and 41% reduction (4.0% vs.
9.6%) in aortic sinus areas compared with the control group
(Fig. 7B and C). In comparison, no signicant change in the
lesion aortic arch and sinus areas was observed in the NIR
group and the SWNTs group. As shown in Fig. 7D, the increased
expression of HSP70 and decreased phosphorylation of JNK in
the aortic sinus of the PTST group indicated that PTST prevents
inammation in the aortic arch, which explains the therapeutic
effect. The level of HSP70 in serum showed no signicant
difference between each group (Fig. S19). During the experi-
ment, the body weight of mice in each group had no signicant
difference and continued to increase (Fig. S20). H&E staining of
the main organs shows that obvious damage was observed in
each group (Fig. S21). These data veried that PTST was a safe
and effective way for treating atherosclerosis.
Conclusions

In conclusion, we developed a universal approach, designated
as PTST, for both imaging and treating metaammation.
SWNTs were utilized as targeted vectors to navigate inamed
tissues via Ly-6Chi monocyte hitchhiking, leveraging their PA
properties to precisely locate the lesional tissues. Our results
validated that SWNTs were taken up by almost 100% of Ly-6Chi

monocytes in peripheral blood and 40% of lesional macro-
phages, with the accumulated SWNTs proving to be highly
efficient for PA imaging. Together with NIR light, we achieved
local and temporal regulation of HSP70 expression in lesional
tissues. Upregulation of HSP70 restores the ability of lesional
cells to combat inammatory and metabolic stress, thus alle-
viating the symptoms of metabolic diseases. PTST harnesses the
photothermal effect at cell-tolerable temperatures, utilizing this
as a signal to modulate immune cell function rather than
inducing cell death. We successfully used SWNTs to identify
inamed liver and aorta and relieved the symptoms of db/db
mice and ApoE−/− mice aer a period of PA imaging-guided
PTST.
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0007]. The experiments were conducted following the guide-
lines provided by the Guide for the Care and Use of Laboratory
Animals.
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