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Introduction: Owing to the uneven distribution of photothermal agents (PTAs), photothermal therapy (PTT) can damage normal 
tissues. The dynamic reversible covalent bond, which can significantly improve the oxidation stability of the drug and the character-
istics of responsive drug release, thus improving the conversion efficiency of the drug, is a feasible solution to enhance the selective 
PTT for tumor treatment.
Methods: The nanoassembly loaded curcumin (Cur) with dynamic covalent boronate and encapsulated Indocyanine Green (ICG) in 
the phospholipid bilayer by dynamic self-assembly.
Results: The pH-responsive dynamic covalent bond-based nanoassembly system has great selective release of drugs in the tumor micro-
environment and photothermal conversion efficiency. Furthermore, LIP-C/I could increase the antitumor effect through the combination of PTT 
and chemotherapy (CT). The experiments in vitro and in vivo have demonstrated that LIP-C/I could enhance selective PTT for tumor treatment.
Discussion: Our nanoassembly system provides an alternative approach for enhancing selective PTT for tumor treatment using 
dynamic covalent boronate.
Keywords: dynamic covalent bond, nanoassembly, curcumin, photothermal therapy, tumor treatment

Introduction
Cancer has emerged as one of the most pressing global health challenges, with 2022 statistics revealing a staggering 20 
million new diagnoses and nearly 10 million deaths worldwide.1,2 Despite extensive efforts, the incidence of cancer 
continues to rise, underscoring the urgent need for innovative therapeutic strategies.3 Photothermal therapy (PTT), which 
converts light energy into heat to ablate tumors using photothermal agents (PTAs), has gained attention for its minimal 
invasiveness, high efficiency, and spatiotemporal precision.4–7 However, the uneven distribution of PTAs often leads to 
collateral damage to healthy tissues, limiting its clinical potential.8–11

Owing to their lower toxicity, controlled release of the drug, and improved bioavailability,12 liposomes have the potential 
to address these limitations by improving PTT selectivity. Boronate ester bonds are pH-sensitive groups formed by boronic 
acids and 1.2- or 1.3-diol in an alkaline solution, and the borate complex can dissociate at acidic pH.13–16 Unlike conventional 
liposomes, which rely on weak interactions for drug encapsulation, the liposomes that leverage dynamic covalent boronate 
chemistry could significantly improve encapsulation efficiency and drug loading capacity.17 Importantly, dynamic reversible 
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covalent bonds could improve the oxidation stability of the drug and the characteristics of responsive drug release, thus 
improving the conversion efficiency of the drug in the nanoparticles (NPs) transport system.18,19 By integrating dynamic 
covalent strategies, the liposomes offer a simple and robust platform for achieving precise and selective tumor treatment, 
marking a significant advancement in PTT.20,21

Natural medicines have good biological activity and pharmacological effects and can achieve antitumor activity and 
selectivity by the application of scientific methods to provide a choice for the treatment of cancer.22–25 Curcumin (Cur), a 
well-studied natural compound with anti-inflammatory, antioxidant, and anticancer properties, is employed as a com-
plementary agent to enhance the selectivity of PTT.18,26–28 Although the antitumor efficacy of Cur is limited by its poor 
solubility and bioavailability, dynamic covalent bond-based NPs could effectively address these challenges.29,30 By 
encapsulating Cur within dynamic covalent bonds, researchers could improve its solubility, bioavailability, and tumor- 
specific release, thereby maximizing its therapeutic potential.

Herein, we designed a pH-responsive nanoassembly system (Scheme 1) loaded with Cur using a dynamic covalent 
boronate and encapsulated Indocyanine Green (ICG) in the phospholipid layer to increase the solubility of Cur and 
reduce the degradation of ICG. ICG and Cur can be released in response to the tumor acidic environment to increase their 
antitumor effect through the combination of PTT and chemotherapy (CT). This work provides not only an alternative 
approach to enhance selective PTT for tumor treatment using dynamic covalent boronate, but also a nano-drug delivery 
platform for natural medicines.

Experimental
Materials
ICG, Cur, and calcein-AM/PI Double Stain Kit were acquired from American Apexbio Biotech. Ltd. Co. 3-(4,5- 
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) was purchased from Shanghai Beyotime 
Biotechnology Co., Ltd. The Annexin V FITC Apoptosis Detection Kit was sourced from BD. (USA). 4T1 Cell lines, 
231 Cell lines, and L929 cell lines were obtained from American Type Culture Collection (ATCC). No additional 
purification was performed on any of the chemicals prior to their use.
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Preparation of NPs
Preparation of LIP
N, N-dimethylethylenediamine (55.1 μL, 0.5 mmol) was added to a methanol (1 mL) solution of 4-formylphenylboronic 
acid (74.9 mg, 0.5 mmol), heated to 70°C, and reacted for 3 h, under nitrogen protection. After the reaction was 
complete, the temperature was reduced to room temperature, the solvent was evaporated by rotation, and the crude 
product of the imine intermediate was directly used for the next step of the reaction.

Preparation of LIP-C/I
ICG (1 mg/mL, 1165 μL), Cur (1 mg/mL, 370 μL), and LIP (10 mg/mL, 72.5 μL) were mixed and stirred for 3 min under 
magnetic agitation to prepare the LIP-C/I solution.

Characterization
The particle size and zeta potential of the LIP-C/I solution were measured using a Zetasizer Nano ZS90 instrument. An 
ultraviolet spectrophotometer (Evolution 300, Thermo, US) was utilized to scan the nanoparticles across the wavelength 

Scheme 1 Schematic illustration of the formation and mechanism of the LIP-C/I.
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range of 200–800 nm. Additionally, a Fourier Transform Infrared Spectrometer (Avatar-360, PerkinElmer, Waltham, MA, 
USA) was employed to conduct infrared spectrum analysis of the nanoparticles within the wavenumber range of 
400–4000 cm−1. The morphology of the LIP-C/I was observed using transmission electron microscopy (TEM) to observe 
their morphology.

Drug Loading and Entrapment Efficiency
LIP-C/I (ICG: 385, 775, 1165, 1550, and 1935 μL) was centrifuged at 6500 rpm for 15 min. The supernatant was collected for 
absorbance measurements at 425 nm and 784 nm to determine free Cur and ICG concentrations, allowing for the calculation of 
the encapsulation efficiency (EE) of LIP-C/I. After centrifugation, the precipitate was rinsed with PBS thrice, and LIP-C/I 
samples were freeze-dried using a lyophilizer. The drug loading (DL) capacity of LIP-C/I was then determined after drying 
and weighing the samples. The DL and EE were ascertained through the subsequent equations:

Where WA, WB, and WC denote the initial weights of Cur and ICG, the amount of free drug present in the supernatant, 
and the average freeze-dried weight of LIP-C/I, respectively.

In vitro Drug Release
The in vitro drug release characteristics of the LIP-C/I was assessed utilizing the dialysis-bag technique. The samples 
were encapsulated within a pre-conditioned dialysis bag with a molecular weight cutoff of 3500 Da. The dialysis bags 
were placed in a conical flask containing a release medium (PBS: pH 5.5, 6.5, 7.4) with or without 3.4 mmol/L hydrogen 
peroxide (H2O2) and placed in a constant-temperature oscillator at (37 ± 0.5)°C and 100 rpm. Samples of 1 mL dialysate 
were collected from the conical flask at time points of 0.5, 1, 2, 4, 6, 8, 12, 24, 36, and 48 hours, followed by the addition 
of an equal volume of fresh release medium. UV-Vis spectrophotometry was employed to measure the absorbance of 
LIP-C/I at wavelengths of 425 nm and 784 nm, thereby ascertaining the cumulative release amounts of Cur and ICG at 
pH levels of 5.5, 6.5, and 7.4. Subsequently, the cumulative release rates were calculated based on these measurements.

Photothermal Conversion Efficiency
LIP-C/I and ICG solutions with various concentrations (5, 10, 15, 20, and 25 μg/mL) were prepared. The solution was 
then irradiated for 5 min with an 808 nm laser (1.5 W/cm2). Temperature readings were obtained using a near-infrared 
thermal imaging camera (FLIR ETS320), with subsequent data analysis conducted through the FLIR Tools software. In 
addition, the temperature changes in LIP-C/I and ICG (with an ICG concentration of 50 μg/mL) were assessed under 
various power densities (1, 1.5, and 2 W/cm2). LIP-C/I and ICG (ICG concentration: 50 μg/mL) were irradiated with 
near-infrared light for 5 min and cooled at 25°C. Temperature was monitored using a thermal imaging camera during this 
period. The procedure was repeated five times to obtain cyclic curves and photostability.

In vitro Experiments
Hemolysis Test
Freshly collected blood samples from BALB/c mice were subjected to centrifugation at 5000 rpm for 10 minutes, 
followed by three washes with PBS until the supernatant became clear, yielding the red blood cells. The stock dispersion 
was prepared by mixing erythrocytes with saline in a ratio of 3:11 following centrifugation. The stock dispersion (100 μL 
stock dispersion was added to 1 mL of buffer containing Cur, ICG, and LIP-C/I at concentrations of 5, 10, 15, 20, and 25 
µg/mL. Following a 3-hour incubation at 37°C, the mixture was subjected to centrifugation at 6500 rpm for 15 minutes. 
The absorbance of the resulting supernatant was then quantified at 540 nm using UV-visible spectroscopy. The hemolysis 
rate was calculated using the following formula:
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AN and AP denote the absorbance values of saline and deionized water, respectively, while AS encompasses the 
absorbance readings for Cur, ICG, and LIP-C/I.

Cytotoxicity Test
To evaluate the biocompatibility of Cur, ICG, and LIP-C/I, L929 cells were utilized in an MTT assay. The cells were 
initially cultured in 100 µL of DMEM within 96-well plates at a density of 8,000 cells per well for 24 hours. 
Subsequently, they were treated with Cur, ICG, or LIP-C/I at concentrations ranging from 5 to 25 µg/mL and incubated 
at 37°C with 5% CO2 for an additional 24 hours. Subsequently, 10 μL of MTT solution was added to each well, and the 
cells were cultured for an additional 4 hours. Afterward, the cells were rinsed with PBS and lysed with 100 μL of DMSO. 
Following the incubation, the absorbance in each well was measured at 490 nm using an automated microplate reader 
(Multiskan Go, USA), which is designed for enzyme-linked immunosorbent assay analysis.

Moreover, the therapeutic effect in vitro therapeutic effects of Cur, ICG, and LIP-C/I on cancer cells were assessed. 
MDA-MB-231 and 4T1 cells were seeded in 96-well plates at a density of 7,000 cells per well with 100 μL of RPMI 
medium and incubated for 12 hours, after which they were treated with Cur, ICG, ICG + NIR, LIP-C/I, or LIP-C/I + NIR 
at concentrations ranging from 5 to 25 µg/mL under conditions of 808 nm wavelength, 1.5 W/cm² power density, and 2 
minutes of exposure. Cell viability was evaluated using an MTT assay. The experiment with L929 and MDA-MB-231 
cells was performed again after changing the culture medium without the drug after four hours.

The LIVE/DEAD assay was employed to evaluate the in vitro therapeutic efficacy of Cur, ICG, and LIP-C/I. L929 
cells and MDA-MB-231 cells were maintained in 2.0 mL culture medium in a 35 mm2 cell culture dish (30 k per well) 
overnight. The cells were then treated with Cur, ICG, ICG+NIR, LIP-C/I, or LIP-C/I+NIR at a concentration of 20 µg/ 
mL. Following treatment, the cells were gently rinsed twice with PBS. Subsequently, they were incubated with 200 µL of 
the AM/PI staining cocktail for 20 minutes, and the results were assessed using a fluorescence microscope. The 
experiment with L929 and MDA-MB-231 cells was performed again after changing the culture medium without the 
drug after four hours.

Flow cytometry was performed as follows: MDA-MB-231 cells were cultured with Cur, ICG, ICG+NIR, LIP-C/I, and 
LIP-C/I+NIR in 35 mm2 cell culture dish for 24 h at a concentration of 20 µg/mL. The cells underwent digestion, were 
collected, and washed three times with PBS prior to staining with an Annexin-V/PI kit. Subsequently, they were analyzed 
using a flow cytometer (BD Pharmingen, CA, USA).

Assessment of Cellular Reactive Oxygen Species (ROS) Levels
MDA-MB-231 cells (1×105) were maintained in 2.0 mL culture medium in a 35 mm2 cell culture dish (30 k per well) 
overnight. Then the cells were incubated with PBS, Cur, ICG, ICG+NIR, LIP-C/I, and LIP-C/I+NIR at the concentration 
of 20 µg/mL (1.5 W/cm2, 3 min) for 24 h. Replace the cell culture medium with diluted 2′,7′-Dichlorofluorescin diacetate 
(10 µmol/L, 1 mL) solution and then incubate the cells at 37°C for 20 minutes. The ROS levels were quantified 
employing an inverted fluorescence microscope.

In vivo Experiments
Establishment of Animal Tumor Model
The right hind limbs of Female BALB/c mice (4–6 weeks) were subcutaneously injected with 100 μL of a PBS 
suspension containing 4T1 cells at a concentration of 1×106 cells/mL. The tumor model was considered established 
when the tumor volume approximated 100 mm3.

Female BALB/c mice, aged 4–6 weeks with a body weight range of 18–20 g, were randomly assigned to two groups, 
each consisting of three animals. Cur, ICG, LIP-C/I, and saline were administered intraperitoneally to the BALB/c mice. 
Daily body weight measurements were taken for a period of 10 days. On the tenth day, the major organs, including the 
heart, liver, spleen, lungs, and kidneys, were harvested. These organs were then stained with hematoxylin and eosin 
(H&E), sectioned, and examined under a microscope for histological analysis.
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In vivo Biodistribution and Photothermal Effect
The biodistribution and photothermal effect of ICG and LIP-C/I in tumor-bearing mice were assessed by the near infrared 
mouse imaging system (PE IVIS Spectrum) and thermal imaging camera. Both ICG (100 μL) and LIP-C/I were 
administered intraperitoneally to the mice. Whole-body optical imaging was conducted at predetermined time intervals: 
2, 6, 12, 24, and 48 hours post-injection. Following the 6-hour and 8-hour time points, the mice were sacrificed, and the 
optical imaging data of the primary organs and tumors were collected and analyzed.

In vivo Antitumor Therapy
Upon reaching a tumor volume of approximately 100 mm3, the mice were randomly assigned to eight groups, each consisting 
of five animals. Subsequently, these groups received treatments with PBS, PBS+NIR, Cur, Cur+NIR, ICG, and ICG+NIR, as 
well as LIP-C/I and LIP-C/I+NIR (ICG: 750 μg, 1.5 W/cm2, 3 min). The treatment regimen spanned 14 days, involving a total 
of five injections. Concurrently, the body weights of the mice were meticulously monitored and documented daily throughout 
the two-week treatment period. Following this, the tumor-bearing mice were euthanized, and the tumors were harvested for 
subsequent weighing, documentation through photography, and histological examination via H&E staining.

Statistical Analysis: Data are presented as mean values ± standard deviation (SD), reflecting the outcomes of multiple 
experimental repetitions. Comparative analysis of the results was conducted using the t-test to determine significant differences.

Results and Discussion
Synthesis and Characterization
We first synthesized LIP in two steps, as illustrated in Figure S1. Subsequent nuclear magnetic resonance (NMR) and mass 
spectrometry (MS) analyses confirmed the chemical structure of LIP and its relatively stable nature (Figures S2 and S3). We then 
studied the dynamic covalent boronate interactions between LIP and boronic acid-bearing drugs by mixing LIP, Cur, and ICG in 
PBS (Scheme 1). When the resulting LIP-C/I was dispersed in PBS, nanoassemblies were formed owing to the amphiphilic nature 
of LIP-C/I. The as-prepared LIP-C/I nanoassemblies had a diameter of approximately 170.4±1.803 nm (PDI: 0.164±0.022), and 
spherical nanostructures were observed by TEM (Figure 1a and b). The UV-Vis absorption spectra showed clear peaks at 425 and 
784 nm (Figure 1c). The chemical structure of LIP-C/I was further characterized. After the reaction, the absorbance peak at 16 
ppm disappeared and a new peak at approximately 6 ppm appeared in the corresponding NMR spectra (Figure 1d). In the 
subsequent Fourier transform infrared (FTIR) spectroscopy, the vibration peaks of B-OH were replaced by those of B-O-C 
(Figure 1e). These results collectively suggested the reaction of the diketone structure with boronic acid and the formation of a 
boronate ester. The size and zeta potential showed no notable change after one week, illustrating that LIP-C/I had great storage 
stability (Figure S4). The critical aggregation concentration (CAC) of LIP-C/I was measured to be 0.2239 μg/mL (Figure S5).

The drug delivery ability was investigated by loading different proportions of ICG into LIP-C/I, and the drug release 
characteristics are shown in Table S1. The DL capacity of LIP-C/I progressively enhanced as the concentrations were 
elevated. Following a comprehensive assessment of DL and EE, a molar ratio of 1.5:1 for ICG to Cur was determined to 
be optimal for nanoparticle preparation, which was then used in the subsequent experiments.

Drug Release in vitro
Selective release of drugs in the tumor microenvironment is an important factor in enhancing tumor selective killing. As 
shown in Figure 2a and b, the release rate of LIP-C/I was high, the cumulative release amount was high within 12 h, and 
the release slowed significantly. At the same time, the release rate of LIP-C/I was fastest at pH 5.0, followed by pH 6.5, 
and the lowest in the release medium at pH 7.4, which could help reduce toxicity to normal tissues. Following a 48-hour 
period, the release rate of ICG from LIP-C/I reached approximately 36.8% at pH 6.0 and 13.2% at pH 7.4, whereas at pH 
5.0, nearly 54.0% of ICG was released. The release rate of the drug Cur in LIP-C/I was approximately 40.6% and 15.6% 
at pH 6.0 and pH 7.4, respectively, while 60.6% Cur release was observed at pH 5.0 (Figure 2c). Under H2O2 conditions, 
56.9% of ICG was released at pH 5.0, and 67.2% was released at pH 5.0, with an increase in drug release compared to no 
H2O2 (Figure 2d and f). The release of Cur also has a higher release with H2O2 than without H2O2 (Figure 2e). Thus, 
nanoparticles can exert antitumor activity by responding to intracellular stimuli through triggered drug release in the 
tumor environment.
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Figure 2 The kinetics of (a) ICG and (b) Cur released from LIP-C/I under various buffer conditions. ***P < 0.001 vs pH=7.4. (c) The chart of released comparison at 
different pH. The kinetics of (d) ICG and (e) Cur released with H2O2 treatment. (f) The chart of released comparison at different pH with H2O2 treatment and without 
H2O2 treatment. *P < 0.05, **P < 0.01.

Figure 1 (a) DLS profile and Zeta potential, (b) TEM images, and (c) UV-vis absorbance spectra of LIP-C/I and free Cur. (d) 1H NMR and (e) FTIR spectra of LIP, LIP+Cur, 
and Cur.
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Photothermal Conversion Efficiency
The photothermal effects of ICG and LIP-C/I were investigated by NIR laser irradiation. Initially, the photothermal 
conversion curves of PBS and Cur were measured, and no significant temperature increase was observed (Figure S6). To 
ascertain the photothermal efficacy of ICG and LIP-C/I at varying ICG concentrations (10, 20, 30, and 40 μg/mL), the 
solutions were subjected to 808 nm laser irradiation at an intensity of 1.5 W/cm² for a duration of 5 minutes. The 
consequent temperature fluctuations were meticulously documented using a thermal imaging camera. Figure 3a shows 
that the temperature of the LIP-C/I solution gradually increased with increasing concentration after 5 min of laser 
irradiation, indicating that the temperature change of LIP-C/I was positively correlated with the concentration. At 40 μg/ 
mL, the LIP-C/I solution reached approximately 57°C, which was marginally lower than free ICG, because the ICG was 
encapsulated in a phospholipid bilayer of LIP-C/I. This temperature elevation also confirms that LIP-C/I possesses 
commendable photothermal conversion capabilities, enabling effective PTT. Figure 3b shows that the temperature of 
LIP-C/I significantly increased with increasing laser power. In addition, after five heating and cooling cycles, LIP-C/I 
maintained a stable heating effect, indicating its superior thermal stability (Figure 3c). Furthermore, the temperature rise 
curve of the photothermal agent ICG at different concentrations and powers was measured, and it was found that it was 
positively correlated with both concentration and power. At the same time, after five repeated cycles of 808 nm laser 
irradiation, the maximum temperature gradually dropped, indicating a gradual decline in the photothermal properties of 
ICG. However, after repeated 808 nm laser irradiation and cooling five times, the photothermal conversion ability of LiP- 
C/I remained robust, proving that ICG wrapped in LiP-C/I could improve photothermal stability (Figure 3d–f).

Biocompatibility
LIP-C/I has been proven to have excellent PTT properties and the ability to release drugs in response to the tumor 
environment. Considering that the biocompatibility of LIP-C/I is important for biomedical applications, L929 cell 
viability, hemolysis assays, and organic safety in mice were tested. The cytotoxic effects on L929 cells was assessed 
to evaluate whether the LIP-C/I and the drug ICG, and Cur in normal human cells had a killing effect (Figure 4a). No 
obvious normal cell toxicity or cell killing was found in the LIP-C/I and Cur groups at concentration of 5–25 μg/mL, the 

Figure 3 (a) temperature rise curves of LIP-C/I and (d) ICG under different concentrations (1.5 W/cm2, 808 nm, 5 min) and (b) temperature rise curves of LIP-C/I and 
(e) ICG under different laser irradiation powers. Thermal stability curves of (c) LIP-C/I and (f) ICG.
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Figure 4 (a) Cell viability of L929 cells at the different concentrations of Cur, ICG, and LIP-C/I. Hemolysis activity of (b) Cur, (c) ICG, and (d) LIP-C/I. (e) H&E slice 
selection section of the major organs (heart, liver, spleen, lung, and kidney) on day 10.
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ICG group had a certain killing effect on normal cells. The hemolysis rates for Cur, ICG, and LIP-C/I were each below 
5%, indicating negligible hemoglobin release (Figure 4b–d). To further investigate the safety of LIP-C/I in mice, the 
major organs were extracted, and H&E staining was performed after injection of PBS, Cur, ICG, or LIP-C/I for 10 days. 
There was no damage to the organs injected with LIP-C/I compared with those injected with PBS (Figure 4e). In vitro 
and in vivo biosafety evaluations demonstrated that LIP-C/I is a promising material for tumor therapy.

Effect of Combination Therapy in vitro
MTT assay was used to examine the cytotoxicity of LIP-C/I in normal and tumor cells under NIR light irradiation. 
Figure 5a shows that the survival of L929 cells decreased with increasing ICG and LIP-C/I concentrations after laser 
irradiation. The ICG+NIR treatment group showed more obvious damage to normal cells than did the LIP-C/I+NIR 
treatment group. Owing to the good photothermal properties of LIP-C/I, LIP-C/I, which is not absorbed by cells, remains 

Figure 5 The MTT assay (a–c) and LIVE/DEAD assay (b–d) on both L929 and 231 cell lines, and the apoptosis rates (e) and ROS images (f) of 231 cells. ***P < 0.001.
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in the medium and kills normal cells after laser irradiation. As shown in Figure 5c, the cytotoxicity of Cur, ICG, and LIP- 
C/I to 231 cells increased more obviously with an increase in concentration, and the killing effect was dose-dependent. 
All groups showed obvious cell killing after laser irradiation. To achieve a more vivid demonstration of the cytotoxic 
effects of nanoparticles, both the LIVE/DEAD assay and the cell apoptosis assay were employed. The observed patterns 
of cell death were found to be in close agreement with the outcomes of the MTT assay (Figure 5b–d). The 231 cells in the 
ICG and LIP-C/I groups under laser irradiation showed more red fluorescence than those in the other groups. The cell 
apoptosis assay results showed that the ICG+NIR and LIP-C/I+NIR groups exhibited the most pronounced cell death 
compared to the PBS group (Figure 5e). DCFH-DA was employed to detect intracellular ROS generation, which was 
visualized under an inverted fluorescence microscope (Figure 5f). In contrast to the PBS group, the Cur and LIP-C/I 
groups exhibited notably increased green fluorescence, indicative of elevated intracellular ROS levels attributed to the 
Cur’s effect on ROS generation. These results showed that the ICG and LIP-C/I groups had similar killing effects on 
cancer cells. We speculated that the free drugs might have affected the experimental results; therefore, we replaced the 
medium with no drug to continue the test.

Selective Cell Killing Assay in vitro
As free drugs that are not absorbed by cells could affect cell killing, the cell medium was replaced with the no-drug 
medium to observe cell killing after co-culturing with drugs for six hours. Figure 6a shows that LIP-C/I caused almost no 
damage, indicating that LIP-C/I released less ICG in normal tissues, thus causing less damage to normal cells. The Cur, 
ICG, and LIP-C/I groups all showed obvious cell killing of 231 cells after laser irradiation, and the LIP-C/I+NIR group 
showed greater cell killing than the ICG+NIR group (Figure 6c). LIVE/DEAD experiments were performed to visualize 
cell death by LIP-C/I. After changing the medium, there was almost no red fluorescence in the LIP-C/I+NIR group, 
whereas the ICG+NIR group still showed red fluorescence, indicating that it still had a killing effect on the L929 cells 
(Figure 6b). The red fluorescence of 231 cells in the LIP-C/I group remained significant under laser irradiation, whereas 

Figure 6 The MTT assay of (a) L929 cells and (c) 231 cells, and the LIVE/DEAD assay of (b) L929 cells and (d) 231 cells. The cell medium was replaced with the no-drug 
medium, after co-culturing with drugs for six hours. ***P < 0.001.
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the red fluorescence of the other groups was reduced, and more living cells were observed (Figure 6d). These results 
suggest that LIP-C/I can release drugs in response to the tumor environment to selectively kill cancer cells.

Effect of Combination Therapy in vivo
To track the biological distribution of ICG in mice, an NIRF imaging system was utilized to monitor the accumulation 
and metabolic fate of the nanoassembly. The fluorescence intensity of ICG and LIP-C/I at the tumor sites reached a peak 
at 6 h and gradually decreased after 6 h, indicating that ICG and LIP-C/I could be metabolized in mice (Figure 7a). 
Compared with the ICG group, the LIP-C/I group showed more obvious tumor accumulation, indicating a responsive 
release of ICG at the tumor site. To further observe the metabolism of LIP-C/I in vivo, major organs (heart, liver, spleen, 
lung, and kidney) and tumors of mice were collected at 6 and 48 h (Figure 7b). The fluorescence of LIP-C/I in normal 
tissue was weaker than that of ICG, indicating that LIP-C/I had faster metabolism. The fluorescence of LIP-C/I in the 
organs was low at 48 h, indicating that metabolism was almost complete, whereas ICG still had a strong fluorescence 
signal in the organs, indicating that retention in the organs may cause damage to normal organs. The photothermal 
properties of ICG and LIP-C/I in the mice were observed 6 h after injection.

Figure 7 The fluorescence intensity in tumor-bearing nude mice was monitored over time (a) and the biodistribution in major organs (b) with samples harvested 6 hours post- 
administration, infrared thermal images of tumor-bearing nude mice (c) and the temperature progression of tumors (d) treated with PBS, Cur, ICG, and LIP-C/I (808 nm, 1.5 
W/cm2, 5 min).
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The mice were divided into three groups (n=3): after an intraperitoneal injection for 6 h, the mice treated with PBS, Cur, ICG, 
and LIP-C/I were irradiated for 5 min, and the tumor surface temperatures of the mice were recorded using an infrared thermal 
imager. Figure 7c and d shows that the surface temperatures of the tumor sites in the PBS and Cur groups increased slightly. The 
ICG and LIP-C/I groups showed an obvious temperature increase, and the surface temperature of the tumor in the ICG group 
reached 55°C, whereas that in the LIP-C/I group reached 53°C, both of which could cause thermal damage to the tumor site.

LIP-C/I has been proven effective in killing in vitro and superior drug metabolism in vivo. Based on these 
experiments, the antitumor effects in mice should be further studied. Tumor-bearing mice were randomly divided into 
eight groups (n=4): PBS, PBS + NIR, Cur, Cur+NIR, ICG, ICG + NIR, LIP-C/I, and LIP-C/I+NIR, and intraperitoneally 
injected every 2 days. The weight and tumor volume of the tumor-bearing mice were measured and recorded daily, and 
all tumors were photographed and weighed at the end of treatment. Figure 8a illustrates that the volume expansion in the 

Figure 8 The tumor growth curves (a), tumor images (b), tumor weights (c), and H&E-stained sections (d) of tumors after various treatments.
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ICG+NIR and LIP-C/I+NIR groups was markedly inhibited, demonstrating the most potent antitumor efficacy. 
Consistent with these findings, the tumor weight (Figure 8b) and digital photographs of the tumors (Figure 8c) also 
indicated a significant reduction. Furthermore, the effectiveness of the treatments was confirmed by histological 
examination with H&E staining (Figure 8d). Tumors in the ICG+NIR and LIP-C/I+NIR groups showed varying degrees 
of cell damage compared to the control group. These results further confirmed that our pH-responsive liposome system 
had an excellent combined treatment effect and showed a significant inhibitory effect on tumors.

Conclusion
In summary, we used a pH-responsive nanoassembly system to selectively treat tumor sites using dynamic covalent boronates. 
Dynamic self-assembly increased the solubility of Cur and pH-responsive release of Cur and ICG. The selective killing effect 
of LIP-C/I was proven by the results of in vitro studies, and its excellent antitumor effect was demonstrated by the results of in 
vivo studies. In vitro, when the cell medium was replaced with the no-drug medium, the LIP-C/I+NIR group showed the best 
selective cell killing effect. In vivo, The LIP-C/I+NIR group exhibited better safety under the same treatment conditions in 
vivo. This nanoassembly system can potentially enhance selective PTT for tumor treatment by dynamic covalent boronate, 
increasing the loading capacity of insoluble drugs and protecting the activity of drugs.
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