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Abstract
Photothermal therapy (PTT) is a non-invasive and highly selective tumor treatment. However, it triggers an inflammatory re‐
action and other adverse effects, including damage to the surrounding healthy tissue and an increased risk of tumor prolifera‐
tion and metastasis. The cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) pathway plays a crucial role in regulating 
tumor development. In this study, we revealed that PTT activates the COX-2/PGE2 pathway. To mitigate the PTT-induced 
inflammation, based on polydopamine (PDA) and HS-β-cyclodextrin (HS-β-CD), we constructed a photothermal/anti-
inflammatory nanoparticle system (named ICG@PDA-β-CD/CEL) loaded with the anti-inflammatory drug celecoxib (CEL) 
and the photosensitizer indocyanine green (ICG), which targets COX-2. This system helps PTT by (1) reducing pro-
inflammatory molecules such as PGE2, tumor necrosis factor-α, and interleukin-6 and inhibiting the COX-2 and nuclear fac‐
tor kappa-B signaling pathways, (2) suppressing vascular endothelial growth factor production to inhibit tumor angiogenesis, 
and (3) preventing tumor cell migration and invasion. Further results indicated that ICG@PDA-β-CD/CEL significantly cur‐
tailed tumor cell invasion and migration in vitro and suppressed the COX-2/PGE2 pathway in vivo, thereby markedly inhibit‐
ing both orthotopic tumor growth and metastasis. ICG@PDA-β-CD/CEL exhibits potent antitumor effects through its com‐
bined anti-inflammatory and photothermal therapies, providing a promising strategy for alleviating PTT-related adverse 
effects.
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1　Introduction

Photothermal therapy (PTT) uses cellular sensitivity to high 
temperatures to induce tumor cell apoptosis and is favored 
for its efficiency, noninvasiveness, and specificity [1]. How‐
ever, PTT alone is frequently associated with severe side ef‐
fects. During PTT, most tumor cells undergo necroptosis 
caused by excessive local temperatures. The molecules re‐
leased by necrotic cells act as endogenous danger signals, 
which worsen inflammatory responses, induce cytokine 
storms, and promote tumor metastasis [2, 3].

Previous reports have determined cyclooxygenase-2 
(COX-2) as a significant inflammatory mediator in tumor 
progression. COX-2, a key enzyme in synthesizing tumor 
cell-derived prostaglandin E2 (PGE2), is regulated by its 
downstream product PGE2 [4, 5]. PGE2, a potent carcino‐
gen, promotes tumor development through several path‐
ways [6]. PGE2 promotes angiogenesis via vascular endo‐
thelial growth factor (VEGF) [7], suppresses T and B cell 
proliferation [8], and activates inflammatory pathways, 
thereby supporting tumor growth, immune evasion, and 
chronic inflammation-related carcinogenesis. Consequently, 

understanding how to mitigate the acute inflammatory 
response, clear inflammatory molecules, and inhibit the 
COX-2/PGE2 pathway to alleviate the harsh effects of pho‐
tothermal treatment and improve therapeutic outcomes re‐
mains a crucial focus.

COX-2 inhibitors are promising adjuvants to improve 
PTT against tumors [9]. Predominantly used COX-2 
inhibitors include nonsteroidal anti-inflammatory drugs 
(NSAIDs) such as indomethacin, celecoxib (CEL), and 
nimesulide, which provide anti-inflammatory and analgesic 
effects [10, 11]. The combination of NSAIDs with photo‐
sensitizers presents an effective treatment modality that 
achieves efficient tumor suppression while minimizing ad‐
verse reactions. Several researchers have proposed similar 
strategies that have demonstrated some degree of tumor in‐
hibition. Table S1 (supplementary information) summarizes 
and organizes these notable studies [9, 12–18]. Based on 
these results, we developed phototherapy-anti-inflammatory 
nanoparticles that target COX-2.

In our study, CEL was selected as the COX-2 inhibitor to 
target tumor cells and reduce inflammation. CEL serves as 
an effective agent for COX-2 targeting, which potentially 
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inhibits cancer cell growth and metastasis. Furthermore, 
indocyanine green (ICG) is a near-infrared (NIR) dye ap‐
proved by the Food and Drug Administration. It produces 
photothermal and photodynamic effects under NIR excita‐
tion and is widely used in tumor therapy research [19, 20]. 
Therefore, ICG was selected as the photosensitizer and 
β-cyclodextrin modified polydopamine (PDA-β-CD) as the 
amphiphilic carrier [21]. The hydrophilic ICG was encapsu‐
lated within the inner layers of the PDA structure, whereas 
the hydrophobic CEL was embedded within the hydropho‐
bic cavity of β-CD. This design resulted in the development 
of a photothermal-anti-inflammatory synergistic nanodrug 
delivery system, ICG@PDA-β-CD/CEL, which targets 
COX-2 and effectively fights against malignant tumors.

Once in the bloodstream, ICG@PDA-β-CD/CEL 
nanoparticles target COX-2-expressing tumor cells and ac‐
cumulate within tumor tissues through the enhanced perme‐
ability and retention (EPR) effect. PDA and ICG work to‐
gether to exhibit a dual photothermal effect that destroys the 
tumor cells. As a COX-2 inhibitor, CEL effectively sup‐
presses inflammation and specifically targets the COX-2/
PGE2 pathway, thereby mitigating related inflammatory 
factors and inhibiting peritumoral neovascularization. The 
result is an ideal tumor suppression effect through com‐
bined anti-inflammatory and PTT (Scheme 1).

Our study revealed that ICG@PDA-β-CD/CEL nanopar‐
ticles demonstrate excellent biosafety and significantly in‐
hibit HeLa cell cloning, invasion, and migration in vitro. In 
U14 tumor-bearing mice, ICG@PDA-β-CD/CEL demon‐
strated higher tumor suppression rates in primary and meta‐
static tumors compared to ICG@PDA-β-CD alone. The 
CEL component effectively inhibited the COX-2/PGE2 
pathway, not only reducing the spread of inflammatory sig‐
nals and dampening the inflammatory response but also 
curtailing VEGF-mediated proliferation and vascular endo‐
thelial cell migration, thereby reducing angiogenesis and 
further preventing tumor growth and metastasis. The de‐
velopment of ICG@PDA-β-CD/CEL provides a viable 
strategy for managing PTT-induced adverse inflammatory 
reactions.

2　Materials and methods

2.1　Experimental materials

Sigma-Aldrich (USA) supplied dopamine hydrochloride 
(DA-HCl). Shanghai Bidepharm Technology Co., Ltd. 
(China) provided HS-β-cyclodextrin (HS-β-CD). Sino‐
pharm Chemical Reagents Co., Ltd. (Shanghai, China) sup‐
plied ICG and CEL. Beyotime Biotechnology Co., Ltd. 
(Shanghai, China) provided the cell experiment kits used. 
Nanjing Jiancheng Biological Engineering (China) supplied 

assay kits for liver and kidney indicators (alanine amino‐
transferase (ALT), aspartate aminotransferase (AST), blood 
urea nitrogen (BUN), and creatinine (CRE)). Shanghai 
Enzyme-Linked Immunity Company (China) provided 
COX-2, PGE2, interleukin 6 (IL-6), tumor necrosis factor-α 
(TNF-α), and IL-10 enzyme-linked immunosorbent assay 
(ELISA) kits. All chemical agents utilized were of analyti‐
cal grade.

2.2　Cell lines and animals

Procell Life Science & Technology Co., Ltd. (Wuhan, 
China) provided HeLa cells and U14 cells, which were cul‐
tured in Dulbecco’s modified Eagle’s medium containing 
10% fetal bovine serum and 1% penicillin–streptomycin. 
The cells were cultured in a constant temperature incubator 
(Thermo Scientific, Waltham, MA) at 37 °C with 5% CO2.

Beijing Charles River Laboratory Animal Technology 
Co. (China) provided 4–6 week-old female Kunming mice 
((20±2) g, specific pathogen-free (SPF) grade, certificate 
number: SCXK (Beijing) 2016-0011) for animal experi‐
ments. The mice were randomly grouped after being in‐
jected with U14 cells to develop tumor models and were 
kept under standard conditions.

2.3　Synthesis of ICG@PDA-β-CD/CEL

2.3.1　Synthesis of PDA and ICG on PDA

A Tris-HCl buffer solution (pH: 9, 0.05 mol/L, 48 mL) was 
prepared, and 30 mg of DA-HCl was added and evenly dis‐
persed under magnetic stirring at 150 r/min. Subsequently, 
12 mL of isopropanol was added to initiate polymerization for 
8 h. The resulting product was centrifuged at 14,000 r/min 
for 10 min and washed three times to obtain a small-sized 
PDA. ICG of 10 mg was then added to the PDA and 
co-incubated for 12 h. The PDA produces π–π interaction 
forces with molecules containing a π system, thereby ad‐
sorbing small molecules, such as ICG [22], forming the 
PDA-ICG product. The supernatant from the first centrifu‐
gation was collected, and its absorbance was measured to 
calculate the encapsulation rate (rE) and drug loading (rDL) 
of ICG according to Eqs. (1) and (2), respectively [23]. 
To prevent ICG detachment, the PDA-ICG was redissolved 
in Tris-HCl buffer solution, and 20 mg of DA-HCl was 
added to coat the surface of the PDA-ICG with an addi‐
tional PDA layer, forming an “Oreo” structure, denoted as 
PDA-ICG@PDA (abbreviated as ICG@PDA).

rE= Wi−Wr
Wi

×100%, (1)

rDL= Wi−Wr
Wt

×100%. (2)
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Here, Wi indicates the initial weight of ICG (or CEL), Wr 
denotes the weight of residual ICG (or CEL) in the superna‐
tant (or dialysate), and Wt represents the total weight of the 
drug delivery system.

2.3.2　Modification of HS-β-CD on PDA

PDA contains active double bonds that chemically react 
with various functional groups such as amino (–NH2) and 
sulfhydryl (–SH) [24]. To modify the PDA, HS-β-CD was 
added to the PDA solution and incubated for 4 h. The 

HS-β-CD reacted with the PDA through a Michael addi‐
tion reaction, thereby forming a biparental nanocarrier, 
PDA-β-CD. Similarly, ICG@PDA-β-CD was obtained by 
adding HS-β-CD to the ICG@PDA solution.

2.3.3　Loading of CEL

CEL was loaded into the hydrophobic cavity of β-CD 
through hydrophilic and hydrophobic interactions. First, 
CEL was added to the ICG@PDA-β-CD solution, and the 
mixture was incubated overnight with rotation at 25 °C to 

Scheme 1 Preparation and mechanism of the nanodrug delivery system ICG@PDA-β-CD/CEL for anti-inflammatory adjuvant tumor therapy. 
(a) Preparation of a “two-pronged” tumor nanodrug delivery system, ICG@PDA-β-CD/CEL, carrying anti-inflammatory drug CEL and the 
photosensitizer ICG. (b) Schematic illustration of the drug release and action mechanism of ICG@PDA-β-CD/CEL. (c) Schematic illustration 
of the therapeutic mechanism of ICG@PDA-β-CD/CEL in the PTT-induced inflammatory response. ROS: reactive oxygen species; PDT: photo‐
dynamic therapy
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adequately accumulate CEL in the hydrophobic cavity of 
β-CD. To remove free CEL, the product was then succes‐
sively dialyzed against 100% ethanol, 50% ethanol, and ul‐
trapure water for 24 h (molecular weight cut-off: 14 kDa), 
and the final nanodrug ICG@PDA-β-CD/CEL was obtained. 
The mass of CEL in the dialysate was identified using high-
performance liquid chromatography (HPLC), and the encap‐
sulation rate and drug loading of CEL were calculated using 
Eqs. (1) and (2), respectively.

2.4　Characterization of the 
ICG@PDA-β-CD/CEL

The morphology and dimensions of the nanocarrier and 
drug delivery system were observed with a transmission 
electron microscope (TEM; HT-7700, Hitachi, Japan). The 
particle size and zeta potential were measured with a Mal‐
vern Zetasizer (Nano ZS, Malvern Instruments Ltd., UK). 
The ultraviolet-visible (UV–Vis) absorption spectrum was 
identified using a UV–Vis spectrophotometer (UV-2550, 
Shimadzu Ltd., Japan). HPLC analyses were conducted 
using an Agilent 1200 system (USA).

2.5　In vitro performance measurement

Experimental procedures S1–S4 (supplementary informa‐
tion) present the experimental protocol to assess the 
drug release, photothermal and photodynamic properties, 
biosafety, and protein adsorption resolution of 
ICG@PDA-β-CD/CEL.

2.6　Cell assays

ICG@PDA-β-CD/CEL uptake by tumor cells was deter‐
mined by fluorescence colocalization imaging. To identify 
the cytotoxicity of ICG@PDA-β-CD/CEL, its effects on the 
mitochondrial membrane potential, reactive oxygen species 
(ROS) level, apoptosis, cloning, invasion, migration, and in‐
flammatory factor expression in tumor cells were further de‐
termined. Experimental procedures S5–S7 (supplementary 
information) provide the detailed experimental protocol.

2.7　Creation of the three-dimensional (3D) 
tumorspheres

HeLa cells were digested and inoculated into BeyoGoldTM 
ultra-low attachment 96-well plates at a density of 
5000–10000 cells per well. After 2 d, 3D tumorspheres 
were formed and were then treated with different formula‐
tions. Fluorescence images were captured with a confocal 
laser microscope (Nikon AX, Japan), with ICG serving as 
the indicator to assess the penetration effects of various for‐
mulations [25].

2.8　Animal assays

In vivo thermography, pharmacokinetic profile, biodistribu‐
tion, tumor growth and metastasis inhibition, and 
ICG@PDA-β-CD/CEL biosafety were assessed by estab‐
lishing U14 tumor-bearing mouse models. Inflammatory 
factors in the serum were detected with ELISA kits. Tumor 
tissues were fixed in 4% paraformaldehyde for hematoxylin 
and eosin (H&E), terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL), Ki67, and immunohisto‐
chemistry staining. All experiments involving animals were 
conducted in accordance with the regulations of the Animal 
Ethics Committee of Yanshan University. Experimental 
procedures S8–S12 (supplementary information) show the 
detailed experimental protocol.

2.9　Statistical analysis

Data were presented as mean±standard deviation (SD), and 
statistical analysis was conducted using the default two-
tailed t-test method in Prism (GraphPad Software Com‐
pany, La Jolla, CA, USA), with significance recorded 
as *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.

3　Results and discussion

3.1　Synthesis and characterization of 
ICG@PDA-β-CD/CEL

In this study, an “Oreo” nanodrug delivery system, PDA-
ICG@PDA (abbreviated as ICG@PDA), was developed by 
coating the photosensitizer ICG onto a sandwich-like struc‐
ture of PDA nanoparticles. Further, PDA-β-CD was synthe‐
sized by modifying PDA with HS-β-CD, serving as an am‐
phiphilic carrier. The hydrophilic photosensitizer ICG was 
encapsulated within PDA, whereas the hydrophobic anti-
inflammatory drug CEL was loaded into the hydrophobic 
cavity of β-CD. This resulted in the successful development 
of the photothermal-anti-inflammatory nanodrug delivery 
system ICG@PDA-β-CD/CEL, which specifically targets 
COX-2 (Scheme 1a).

Figures 1a–1c illustrate the morphology of the small-
sized PDA core at 8 h, PDA at 12 h, and PDA-β-CD, all of 
which were uniformly spherical and demonstrated good dis‐
persibility. Dynamic light scattering analysis revealed that 
the diameter of PDA was approximately (121.3±2.4) nm at 
8 h, (210.8±3.3) nm at 12 h, and (236.7±3.7) nm for PDA-β- 
CD (Fig. 1d). These results indicate that DA continues to po‐
lymerize on the PDA surface to form larger PDA nano‐
spheres and that HS-β-CD successfully modified the PDA.

Figures 1e and 1f illustrate the changes in the particle 
size and zeta potential after loading ICG and CEL into 
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PDA-β-CD. Specifically, the hydrodynamic diameters for the 
PDA core at 8 h, PDA-ICG, ICG@PDA, ICG@PDA-β-CD, 
and ICG@PDA-β-CD/CEL were (121.033±0.462), (121.667±
0.513), (207.933±4.366), (236.833±0.611), and (242.667±
3.356) nm, with zeta potentials of (−16.733±1.815), 
(−11.467±0.252), (−17.033±0.702), (−18.577±0.829), and 
( − 15.867±2.001) mV, respectively. These changes further 
indicate the successful synthesis of ICG@PDA-β-CD/CEL 
and its intermediates.

The UV–Vis absorption spectra displayed characteristic 
absorption peaks at 390, 710, and 780 nm for ICG in 
ICG@PDA-β-CD/CEL, confirming that ICG was success‐
fully loaded into the system (Fig. 1g). The drug loading for 
ICG was calculated to be (8.81±1.73)%, with an encapsula‐
tion rate of (85.20±2.58)%. HPLC was used to measure 
CEL concentration in the supernatant after centrifuging 
ICG@PDA-β-CD/CEL. By comparing the HPLC results of 
the standard CEL solution and the supernatant, we revealed 
that the retention time of the CEL chromatographic peak was 
approximately 9 min. The peak area of the main peak (re‐
tention time: 9.077 min) in the supernatant was significantly 

decreased (Fig. 1h), indicating that the CEL concentration 
in the supernatant was significantly reduced and most of the 
CEL had effectively been loaded into the hydrophobic cav‐
ity of β-CD. The drug loading for CEL was (6.32±1.69)% 
and the encapsulation rate was (75.54±3.68)%, which were 
obtained using a combination of ultrafiltration and HPLC 
analysis. Furthermore, the particle size and polymer 
dispersity index (PDI) of ICG@PDA-β-CD/CEL stored in 
phosphate-buffered saline (PBS) (0.01 mol/L, pH: 7.4) re‐
mained stable over 7 d, indicating the formulation’s ideal 
stability in PBS (Fig. 1i).

3.2　In vitro drug release and photothermal 
and photodynamic performance of 
ICG@PDA-β-CD/CEL

To identify whether or not the acidic conditions and tem‐
perature changes would compromise the structural integrity 
of ICG@PDA-β-CD/CEL, we analyzed the particle size 
distribution and morphology after 2 h of incubation in 
an acidic environment. Figures 2a–2d illustrate that the 

Fig. 1  Characterization of ICG@PDA-β-CD/CEL. Representative TEM images of small-sized PDA at 8 h (a), PDA at 12 h (b), and PDA-β-CD (c). 
(d) Hydrodynamic diameter distribution and polymer dispersity index (PDI) of PDA at 8 h, PDA at 12 h, and PDA-β-CD. Particle size (e) and zeta 
potential (f) of PDA at 8 h, PDA-ICG, ICG@PDA, ICG@PDA-β-CD, and ICG@PDA-β-CD/CEL. (g) UV–Vis spectrum of ICG, PDA, and 
ICG@PDA from 250 to 850 nm. (h) HPLC separation profiles of centrifugal supernatants from ICG@PDA-β-CD/CEL and free CEL. The 
HPLC separation profile with retention time of 0–8 min is magnified and presented in Fig. S1 (supplementary information). (i) Particle size and 
PDI changes of ICG@PDA-β-CD/CEL in 7 d. Data in (e, f, i) are expressed as mean±SD (n=3)
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hydrodynamic diameter of ICG@PDA-β-CD/CEL exhib‐
ited significant variability, with a noticeable heterogeneity 
in dispersion and signs of broken morphology. These results 
indicate that the complete structure of ICG@PDA-β-CD/
CEL is susceptible to disruption under acidic conditions. 
Further, Figs. 2e and 2f demonstrated the considerably 
higher release rates of ICG and CEL in the acidic environ‐
ment compared to PBS at a pH of 7.4. Specifically, the 12 h 
release rates of ICG and CEL reached 73.2% and 71.0% in 
acidic PBS, respectively. The release rate was further im‐
proved after infrared irradiation at 808 nm (2 W/cm2). 
After irradiation, the 12 h release rates increased to 85.9% 
for ICG and 78.9% for CEL. The heating effect under 
NIR laser irradiation likely facilitated drug release from 
ICG@PDA-β-CD/CEL by weakening the π–π stacking in‐
teractions between ICG and PDA and accelerating nanopar‐
ticle breakdown [26].

The ICG@PDA-β-CD/CEL nanoparticles demonstrated 
outstanding photothermal properties caused by the unique 
infrared light absorption capabilities of the photosensitizer 
ICG and the carrier PDA. The temperature rise curves of 

PBS and various nanoparticle solutions under 808 nm laser 
irradiation were recorded, along with the photothermal im‐
ages (Fig. 2g, Fig. S2 in the supplementary information). 
Compared to PBS, both the carrier PDA-β-CD and the 
photosensitizer ICG solution demonstrated significant pho‐
tothermal effects, emphasizing the inherent photothermal 
conversion properties of PDA and ICG. Under laser irra‐
diation, the temperature of the ICG@PDA-β-CD/CEL 
nanoparticle solution markedly increased, reaching 52.2 °C 
after 10 min, and the photothermal conversion efficiencies 
of PDA, ICG, ICG@PDA, and ICG@PDA-β-CD/CEL 
were 33.69%, 42.44%, 48.17%, and 46.08%, respectively, 
indicating superior photothermal properties through the 
synergistic integration of PDA and ICG’s photothermal 
characteristics.

Temperatures of >43 °C reportedly induced tumor cell 
death; however, excessive exposure and sustained high 
temperatures may cause irreversible damage to surround‐
ing healthy tissues. ICG@PDA-β-CD/CEL nanoparticles 
with dual photothermal properties demonstrated superior 
photothermal performance, which rapidly increased 

Fig. 2  Drug release profile and in vitro photothermal and photodynamic performance of ICG@PDA-β-CD/CEL. (a) Representative TEM image 
of ICG@PDA-β-CD/CEL. (b) Hydrodynamic diameter distribution and PDI of ICG@PDA-β-CD/CEL. (c) Representative TEM image of 
ICG@PDA-β-CD/CEL after acid degradation. (d) Hydrodynamic diameter distribution and PDI of ICG@PDA-β-CD/CEL after acid degrada‐
tion. (e) Responsive release profile of ICG under pH of 7.4, 5.0, and 5.0 in 808 nm laser. (f) Responsive release profile of CEL under pH of 7.4, 
5.0, and 5.0 in 808 nm laser. (g) Temperature elevation curves of different nanodrugs after 808 nm NIR laser irradiation (2 W/cm2). (h) Temper‐
ature variation curve of ICG@PDA-β-CD/CEL during the NIR laser “on-off” cycle. (i) ROS production of different nanomedicines was 
assessed with the 1,3-diphenylisobenzofuran (DPBF) reagent (ROS capture agent)
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temperatures, limiting excessive exposure and sustained 
high temperatures, thereby minimizing potential harm to 
normal tissues. Furthermore, ICG@PDA-β-CD/CEL ex‐
hibited excellent photothermal cycling performance, with 
stable photothermal effects after four light-cooling cycles 
(Fig. 2h).

ICG is the only clinically approved NIR fluorophore 
used in clinical applications as a photosensitizer for pho‐
todynamic therapy (PDT) [27]. The PDT performance of 
ICG@PDA-β-CD/CEL was assessed using the singlet oxy‐
gen indicator fluorescent probe 1,3-diphenylisobenzofu‐
ran. Figure 2i illustrates that the UV–Vis absorbance at 
460 nm for ICG decreased significantly faster than that of 
the ICG@PDA-β-CD/CEL solution with prolonged NIR 
illumination. However, the final rate of decline in the 
UV-Vis absorbance for ICG@PDA-β-CD/CEL was nearly 
comparable to that of free ICG. These results confirm that 
ICG@PDA-β-CD/CEL is capable of generating ROS for 
PDT. The slower rate of ROS production by ICG@PDA-β-CD/
CEL may be attributed to the delayed ICG release.

3.3　In vitro therapeutic efficacy of 
ICG@PDA-β-CD/CEL

The cell counting kit-8 assay results depicted in Fig. 3a indi‐
cated no significant difference in cell viability between the 
PDA-β-CD treatment group and the PBS control group, 
indicating that the carrier itself does not exhibit significant 
cytotoxicity. Similarly, free CEL demonstrated no signifi‐
cant cytotoxicity when compared with the PBS control 
group, indicating that anti-inflammatory drugs do not ad‐
versely affect tumor cell viability. However, ICG+laser 
treatment caused significant cytotoxic effects due to the 
photothermal and photodynamic properties of ICG, thereby 
markedly reducing cell viability. Compared with free ICG, 
the combination of photothermal and photodynamic thera‐
pies using ICG@PDA-β-CD+laser and ICG@PDA-β-CD/
CEL+laser significantly curtailed tumor cell growth. Nota‐
bly, the ICG@PDA-β-CD/CEL+laser treatment demon‐
strated a more pronounced cell growth inhibition compared 
with the ICG@PDA-β-CD+laser treatment. This enhanced 
cytotoxicity effect can be attributed to the dual photother‐
mal actions of both ICG and PDA, the photodynamic action 
exerted by ICG, and the targeted effect of CEL on the 
COX-2/PGE2 pathway.

Figure 3b reveals that ICG@PDA-β-CD/CEL substan‐
tially inhibited tumor proliferation, an effect that intensified 
with increasing concentrations. This dose-dependent re‐
sponse indicates the potential of this formulation for effec‐
tive tumor treatment.

Calcein acetoxymethyl ester/propidium iodide (Calcein/PI) 
co-staining of HeLa cells treated with different formulations 
revealed that ICG@PDA-β-CD/CEL+laser demonstrated 

the highest cell-killing efficiency, indicating that the combi‐
nation of anti-inflammatory therapy with dual photother‐
mal and photodynamic therapies is highly effective in 
eradicating tumor cells in vitro (Fig. S3 in the supplemen‐
tary information). Further, a significant reduction in the 
mitochondrial membrane potential, a key indicator of 
early apoptosis, was observed in cells treated with 
ICG@PDA-β-CD/CEL+laser, indicating increased early 
apoptosis (Fig. S4 in the supplementary information). These 
results collectively demonstrate that ICG@PDA-β-CD/CEL 
combined with 808 nm laser irradiation achieves a synergis‐
tic effect, combining dual PTT, PDT, and anti-inflammatory 
therapy to effectively target tumor cells.

To assess the intracellular uptake of ICG@PDA-β-CD/
CEL in HeLa cells, fluorescence microscopy was con‐
ducted using ICG as a tracer. Figure 3c illustrates the red 
fluorescence of ICG both in the cytoplasm and nucleus of 
the HeLa cells, which closely coincided with the blue fluo‐
rescence marking the nucleus, stained by 4',6-diamidino-2-
phenylindole (DAPI). This indicates the successful loading 
of ICG into the ICG@PDA-β-CD/CEL nanoparticles and 
demonstrates that these nanoparticles are effectively endo‐
cytosed by the tumor cells, enabling them to function intra‐
cellularly.

To further investigate the photodynamic effect of 
ICG@PDA-β-CD/CEL, we used 2',7'-dichlorodihydrofluo‐
rescein diacetate (DCFH-DA) as a probe to measure intra‐
cellular ROS levels after treatment with various nanomateri‐
als. Figure 3d illustrates that both the free ICG+laser treat‐
ment group and the ICG@PDA-β-CD/CEL+laser treatment 
group demonstrated strong green fluorescence signals, con‐
firming that ICG@PDA-β-CD/CEL+laser generates signifi‐
cant ROS levels in tumor cells, exerting the efficacy of 
PDT. Building on the robust tumor-killing and apoptosis-
inducing effects of ICG@PDA-β-CD/CEL, we hypoth‐
esized that this nanoparticle significantly inhibits tumor cell 
migration, invasion, and colony formation. To investigate 
this, we conducted scratch assays, transwell experiments, 
and colony formation tests. Figure 3e illustrates that, com‐
pared with the PBS treatment, the ICG@PDA-β-CD+laser 
treatment partially inhibited cell invasion, migration, and 
colony formation. Notably, ICG@PDA-β-CD/CEL+laser 
treatment almost completely blocked HeLa cell invasion 
and substantially reduced their migration and colony forma‐
tion capabilities. The aforementioned research results indi‐
cate that CEL loading effectively killed tumor cells and in‐
hibited tumor cell invasion, metastasis, and colony forma‐
tion. Building on this information, we further investigated 
the molecular mechanisms underlying these effects. We 
treated HeLa cells with different formulations, harvested 
the cells, and analyzed their COX-2 expression levels with 
western blotting. Concurrently, the culture medium from 
the HeLa cells was collected, and PGE2, TNF-α, and IL-6 
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Fig. 3  In vitro therapeutic efficacy of ICG@PDA-β-CD/CEL. (a) Cytotoxicities of different nanoparticles. (b) Cytotoxicities of ICG@PDA-β-CD/
CEL and PDA-β-CD at various concentrations. (c) Colocalization fluorescence images of HeLa cells treated with ICG@PDA-β-CD/CEL. 
(d) ROS generation of HeLa cells treated with different formulations. (e) Invasion, scratch healing, and clone formation of HeLa cells treated 
with different formulations. (f) Schematic diagram of COX-2 expression in tumor cells and detection of inflammation-related factors secreted 
by tumor cells. (g) Expression and quantification of COX-2 in HeLa cells treated with different nanoparticles. (h–j) PGE2, TNF-α, and IL-6 in 
the supernatant of HeLa cells treated with different nanoparticles using the ELISA method. Data in (a, b, g–j) are expressed as mean±SD (n=5). 
*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001; ns: not significant
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secretion levels were quantified using the ELISA method. 
The experimental procedures detailed in Figs. 3f–3j illus‐
trate that the photothermal treatment provided by ICG+la‐
ser and ICG@PDA-β-CD+laser increased COX-2 expres‐
sion and heightened inflammatory factor secretion by HeLa 
cells compared with the PBS control group. In contrast, 
when loaded with the anti-inflammatory drug CEL, the 
ICG@PDA-β-CD/CEL+laser treatment group demon‐
strated reduced COX-2 expression in tumor cells (Fig. 3g) 
and decreased inflammatory factor secretion, including 
PGE2, TNF-α, and IL-6 (Figs. 3h–3j). These results indi‐
cate that CEL effectively counteracts the inflammatory re‐
sponse induced by PTT. Moreover, the combination of PTT 
with anti-inflammatory treatment suppressed the progres‐

sion and metastasis of tumor cells by inhibiting the relevant 
inflammatory pathways.

3.4　Tumor penetration, long circulation, and 
tumor targeting of ICG@PDA-β-CD/CEL in vitro 
and in vivo

Figure 4a illustrates that the fluorescence signal of ICG in 
the nonilluminated ICG@PDA-β-CD/CEL group reached a 
100 µm distance from the z-axis within 1 h. After NIR light 
irradiation, the temperature increase in the ICG@PDA-β-CD/
CEL solution facilitated the release of ICG. This release 
was promoted by weakening the π–π stacking interaction 
between ICG and PDA, and the increased temperature 

Fig. 4  Drug penetration, biodistribution, and pharmacokinetics of ICG@PDA-β-CD/CEL. (a) Laser confocal scanning images demonstrating 
the distribution of ICG@PDA-β-CD/CEL in the 3D tumorspheres of HeLa cells. (b, c) Plasma concentration–time profiles showing the circula‐
tion and metabolism of ICG and CEL in mice. (d) Fluorescence imaging of ICG@PDA-β-CD/CEL distribution in U14 tumor-bearing mice in vivo. 
(e) Ex vivo ICG fluorescence imaging of major organs and tumors excised at 24 h after the tail vein injection of ICG@PDA-β-CD/CEL. Data in 
(b, c) are expressed as mean±SD (n=3)
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changed cellular fluidity and permeability. Consequently, 
these changes significantly improved the penetration and 
diffusion of ICG@PDA-β-CD/CEL within the tumor cell 
sphere, enabling the fluorescence signal of ICG to permeate 
the entire tumor cell sphere within 1 h.

Blood circulation plays a crucial role in tumor targeting 
in vivo [28]. Figures 4b and 4c demonstrate that the incor‐
poration of the amphipathic carrier PDA-β-CD improves 
the pharmacokinetic profiles of ICG and CEL. When encap‐
sulated within ICG@PDA-β-CD/CEL, both ICG and CEL 
demonstrated significantly prolonged blood circulation 
times compared with their free forms. This extended circula‐
tion facilitates greater drug accumulation at the tumor site. 
Once inside the tumor cells via endocytosis, the drugs can 
more effectively deliver combined PTT, PDT, and anti-
inflammatory effects.

Figure 4d illustrates the highly specific distribution of 
ICG@PDA-β-CD/CEL at the mouse tumor sites, facilitated 
by the EPR effect. Over time, the fluorescence signal from 
ICG in ICG@PDA-β-CD/CEL accumulated specifically at 
the tumor, emphasizing its potential for targeted tumor drug 
delivery. Furthermore, ex vivo organ imaging demonstrated 
that ICG@PDA-β-CD/CEL significantly reduced ICG accu‐
mulation in the major organs of mice (Fig. 4e). This de‐
creased organ distribution enables prolonged circulation in 
the body, thereby improving targeted drug delivery to the 
tumor site.

3.5　Antitumor efficacy of ICG@PDA-β-CD/CEL 
in vivo

Encouraged by the long-term circulatory and tumor-
targeting capabilities of ICG@PDA-β-CD/CEL in vivo, we 
further investigated its photothermal performance and anti‐
tumor effects in U14 tumor-bearing mouse models. As de‐
picted in Fig. S6 (supplementary information), U14 cells 
were inoculated into the left axilla of the mice. The mice 
were then randomly divided into three groups: PBS, free 
ICG, and ICG@PDA-β-CD/CEL. Once the tumors reached 
a volume of 1000 mm³, the mice received different formula‐
tions via tail vein injection, followed by 808 nm laser irra‐
diation at the tumor site, with thermal imaging conducted at 
various time points. The results shown in Fig. S7 (supple‐
mentary information) indicate that, compared to the PBS 
group, the local temperatures of the tumors in the ICG and 
ICG@PDA-β-CD/CEL groups significantly increased as 
the laser irradiation time was extended. The PBS group 
showed no significant change in the tumor temperature, under‐
scoring the potent photothermal effects of ICG. Notably, the 
ICG@PDA-β-CD/CEL group experienced a more rapid and 
substantial increase in the local tumor temperature, attrib‐
uted to its effective tumor targeting and prolonged circula‐
tion in vivo. After 4 min of laser irradiation, the local tumor 

temperature in mice treated with ICG@PDA-β-CD/CEL 
reached 47.7 °C, an optimal level for in vivo PTT. This tem‐
perature is expected to yield a synergistic antitumor effect, 
enhanced by the anti-inflammatory properties of CEL. 
Consequently, a laser irradiation duration of 4 min was se‐
lected for subsequent antitumor efficacy experiments.

Figure 5a illustrates the mice administered with various 
formulations via tail vein injection 2 d after tumor induc‐
tion. After 4 h of injection, the mice were exposed to 
808 nm NIR laser irradiation (2 W/cm2 for 4 min) for PTT. 
The treatment was repeated every 2 d, totaling seven ses‐
sions. Tumor growth and body weight changes were continu‐
ously monitored throughout the experiment. Figures 5b–5d 
illustrate decreased tumor volume to 76.8% in the ICG+
laser treatment group and 69.7% in the ICG@PDA-β-CD+
laser treatment group compared with the normal saline 
group, indicating that the dual photothermal effects of ICG 
and PDA exhibited a more effective tumor ablation in vivo. 
The tumor volume in the ICG@PDA-β-CD/CEL+laser 
treatment group was reduced further to 45.9%, with signifi‐
cantly lower tumor growth rates and weights compared 
with the ICG@PDA-β-CD+laser group. This improved ef‐
fect is attributed to CEL loading, which targets the COX-2/
PGE2 pathway, providing a synergistic approach to combat 
malignancies.

We performed H&E, Ki67, and TUNEL staining on 
tumor tissue slices to investigate the therapeutic mechanism 
of ICG@PDA-β-CD/CEL. The representative histopathologi‐
cal images shown in Fig. 5e indicated that ICG@PDA-β-CD/
CEL+laser induced a higher degree of apoptosis and necro‐
sis in the tumor cells and inhibited malignant proliferation. 
These results indicate that the anti-inflammatory properties 
of loaded CEL effectively augment the efficacy of PTT, 
thereby demonstrating significant antitumor potential and 
clinical application prospects for ICG@PDA-β-CD/CEL.

We then delved deeper into the mechanism behind the 
anti-inflammatory-assisted PTT. Figures 5f–5k indicate that 
PTT with ICG@PDA-β-CD+laser triggers a robust inflam‐
matory response, evidenced by the upregulated expression 
of COX-2, IL-6, and TNF-α in tumors and parallel in‐
creases in multiple serum markers (COX-2, PGE2, TNF-α, 
IL-6, and IL-10). This hyperthermia-induced inflammation 
subsequently stimulates VEGF production. In contrast, 
ICG@PDA-β-CD/CEL+laser treatment effectively sup‐
presses this response by downregulating key mediators 
(VEGF, COX-2, and NF-κB) in tumors, reducing pro-
inflammatory factors (COX-2, PGE2, TNF-α, and IL-6), and 
concurrently enhancing the anti-inflammatory cytokine IL-10.

In conclusion, CEL in ICG@PDA-β-CD/CEL modulates 
the pro-inflammatory response triggered by PTT and exhibits 
antitumor potential by suppressing the production of COX-2/
PGE2-induced VEGF and related inflammatory pathways. 
This formulation provides a viable strategy for addressing 
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Fig. 5  Anti-inflammatory adjuvant antitumor effect of ICG@PDA-β-CD/CEL in vivo. (a) Schematic diagram of the therapeutic process in the 
U14 tumor-bearing mouse models. (b) Tumor volume change curves of U14 tumor-bearing mice injected with various nanodrugs. (c) Isolated 
tumor mass from U14 tumor-bearing mice injected with different nanodrugs. (d) Isolated tumor images from tumor-bearing mice injected with 
different nanodrugs. (e) Representative images of tumor tissue sections after H&E, Ki67, and TUNEL staining. (f) COX-2, TNF-α, IL-6, 
NF-κB, and VEGF expression in tumors from U14 tumor-bearing mice injected with different nanodrugs identified using western blot. 
PGE2 (g), COX-2 (h), TNF-α (i), IL-6 (j), IL-10 (k), and MDA (l) levels in the serum of U14 tumor-bearing mice injected with different nano‐
drugs. Data in (b, c, g–l) are expressed as mean±SD (n=5). *P<0.05, **P<0.01, and ****P<0.0001; ns: not significant. NS: U14 tumor-bearing 
mice were injected with normal saline as the control group. MDA: malondialdehyde
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PTT-related complications. Further, the photodynamic 
treatment with ICG@PDA-β-CD/CEL+laser promotes 
tumor lipid peroxidation and enhances tumor cell ablation, 
leveraging the photodynamic capabilities conferred by the 
ICG loaded in ICG@PDA-β-CD/CEL (Fig. 5l).

3.6　Biosafety test of ICG@PDA-β-CD/CEL

Considering the clinical translational potential of the nano-
delivery system, we further investigated the biosafety of 

ICG@PDA-β-CD/CEL. Figure 6a demonstrates that 
ICG@PDA-β-CD/CEL did not induce hemolysis, and the 
hemolysis rate of ICG@PDA-β-CD/CEL solutions at vari‐
ous concentrations was <4%, indicating its excellent bio‐
compatibility with the blood system [21, 29, 30] and its suit‐
ability for intravenous administration. To assess the binding 
of ICG@PDA-β-CD/CEL to serum proteins, we developed a 
bovine serum albumin (BSA) adsorption model. Figure S5 
(supplementary information) shows that the protein adsorp‐
tion rate of gradient diluted ICG@PDA-β-CD/CEL was 

Fig. 6  Biosafety assessment of ICG@PDA-β-CD/CEL. (a) Hemolysis rate of gradient diluted ICG@PDA-β-CD/CEL in chicken erythrocytes. 
(b) Body weight change curves of U14 tumor-bearing mice injected with different nanodrugs. (c) Organ indices of U14 tumor-bearing mice in‐
jected with different nanodrugs. ALT (d), AST (e), CRE (f), and BUN (g) levels in the serum of U14 tumor-bearing mice injected with different 
nanodrugs. (h) Representative H&E images of organ tissue sections from control and ICG@PDA-β-CD/CEL-treated mice. Data in (a–g) are 
expressed as mean±SD (n=5). NS: U14 tumor-bearing mice were injected with normal saline as the control group; NC: normal control mice; 
GPT: glutamic pyruvic transaminase; GOT: glutamic oxaloacetic transaminase
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all <5%, indicating that ICG@PDA-β-CD/CEL is not ad‐
sorbed by relevant serum proteins and achieves prolonged 
blood circulation.

Moreover, the body weights of the mice were continu‐
ously monitored throughout the experiment, and the weights 
of the major organs (heart, liver, spleen, lung, kidneys, and 
thymus) were recorded on the day of sacrifice. Figures 6b 
and 6c illustrate no significant changes in body weight or 
organ indices compared with the normal control group, 
with no organ enlargement or atrophy, indicating that 
ICG@PDA-β-CD/CEL administration did not cause signifi‐
cant side effects to the whole body or the major organs.

Typical hematological parameters reflecting liver and 
kidney function were investigated. Figures 6d–6g demon‐
strate no significant difference in the ALT, AST, CRE, and 
BUN levels between the ICG@PDA-β-CD/CEL treatment 
group and the normal control group or the normal saline 
treatment group, indicating that ICG@PDA-β-CD/CEL 
treatment was well tolerated without hepatorenal toxicity. 
Figure 6h illustrates that pathological examinations revealed 
no significant histological toxicity in the major organs of 
any group compared with the normal mouse organs. All the 
above results indicate that ICG@PDA-β-CD/CEL not only 
exhibits strong antitumor effects but also maintains good 
biological safety for animal organisms.

3.7　Antitumor metastasis of ICG@PDA-β-CD/
CEL in vivo

The combination of PTT and anti-inflammatory therapy in‐
hibits the development of primary tumors by targeting the 
related inflammatory pathways. Hence, we hypothesized 
that ICG@PDA-β-CD/CEL+laser plays a role in prevent‐
ing the occurrence and development of metastatic tumors 
through fluid circulation. We developed primary-distant me‐
tastasis tumor-bearing mouse models for antitumor metasta‐
sis assessment. The treatment protocol, demonstrated in 
Fig. 7a, involved inoculating U14 cells in the left axilla on 
Day −10 as the primary tumor and in the right axilla on Day 
0 as the distant metastasis tumor. Treatment concurrently 
commenced with the inoculation of the distant metastasis 
tumor and continued for 15 d, administered once every 2 d 
for a total of seven sessions.

Ex vivo images of the primary and distant metastasis tu‐
mors demonstrated that, compared with the ICG@PDA-β-CD 
treatment group, CEL loading exhibited a better therapeutic 
effect, with significantly reduced volumes of both primary 
and distant metastasis tumors (Fig. 7b). This indicates that 
the combination of anti-inflammatory therapy and PTT 
demonstrated significant inhibitory effects on both primary 
and metastatic tumors. The volume curves and the mass of 
the primary and distant tumors further confirmed the antitu‐
mor growth and metastasis effects of this combined strategy 

(Figs. 7c and 7d). Further, no significant difference in body 
weight was observed between the two mouse groups 
(Fig. 7e).

Immunohistochemical analysis of the tumor sections re‐
vealed that the ICG@PDA-β-CD/CEL+laser treatment sig‐
nificantly inhibited the positive expression of COX-2, 
TNF-α, and VEGF. The anti-inflammatory therapy in 
ICG@PDA-β-CD/CEL+laser effectively downregulated 
the PTT-induced inflammatory response and inhibited 
VEGF production, thereby preventing tumor angiogenesis.

These results indicate that CEL effectively improves PTT 
efficacy by inhibiting COX-2/PGE2-induced VEGF produc‐
tion and related inflammatory pathways. Furthermore, 
ICG@PDA-β-CD/CEL+laser effectively inhibited the 
growth of distant metastatic tumors, potentially due to the 
CEL-induced immune activation. We plan to further investi‐
gate the deep mechanisms of CEL as an adjuvant in tumor 
treatment in future experiments.

4　Conclusions

In this study, a photothermal-anti-inflammatory nanodrug 
delivery system, ICG@PDA-β-CD/CEL, targeting the 
COX-2/PGE2 pathway was developed. CEL, acting as a 
COX-2 inhibitor, effectively reduced inflammatory re‐
sponses and specifically bound to COX-2. It was co-
loaded with PDA and ICG for a combined PTT, PDT, and 
CEL for anti-inflammatory therapy. ICG@PDA-β-CD/
CEL+laser treatment significantly inhibited tumor cell pro‐
liferation, invasion, and migration in vitro. Furthermore, 
the in vivo experimental results demonstrated that both the 
primary tumor and distant metastasis suppression rates in 
the ICG@PDA-β-CD/CEL+laser treatment group were sig‐
nificantly higher than those in the ICG@PDA-β-CD group, 
indicating that ICG@PDA-β-CD/CEL has substantial po‐
tential to inhibit tumor growth, migration, and metastasis. 
Moreover, ICG@PDA-β-CD/CEL exerted its antitumor 
effects by inhibiting COX-2/PGE2-induced VEGF produc‐
tion and associated inflammatory pathways. Meanwhile, 
ICG@PDA-β-CD/CEL exhibited excellent biosafety with‐
out toxic side effects. Overall, ICG@PDA-β-CD/CEL pro‐
vides a viable strategy to address the challenges posed by 
PTT.
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