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Introduction: Nanobubble is an innovative ultrasound contrast agent that triggers the development of targeted imaging of HER2- 
positive breast cancer by combining with HER2 affibody and IR783. HPPH is a second-generation photosensitiser that is effective in 
treating tumours. Hence, the nanobubble-IR783-HPPH-affibody (NIHA) complex demonstrates considerable potential in the treatment 
of HER2-positive breast cancer.
Methods: We fabricated the NIHA complex via an advanced thin-film hydration method and detected its characteristics such as 
particle size, morphology, stability, and cytotoxicity. Moreover, the effect of NIHA complex with laser on HER2-positive breast cancer 
was confirmed via in vitro and in vivo experiments.
Results: The NIHA complex was spheroid, stable and exhibited no cytotoxicity; moreover, its particle size was 524.8 ± 53.3 nm (n 
= 5). In combination with laser treatment, NIHA complex reduced the cell viability and tumour volume, induced apoptosis of HER2- 
positive breast cancer cells, and prolonged survival of nude mice.
Conclusion: The newly prepared NIHA complex with laser treatment has the potential on treating HER2-positive breast cancer.
Keywords: HER2, breast cancer, HPPH, nanobubbles, laser

Introduction
Breast cancer is the third most common type of cancer and is the leading cause of cancer-related deaths among females 
worldwide.1 Human epidermal growth factor receptor 2 (HER2), a 185-kDa transmembrane tyrosine kinase protein, is 
amplified or overexpressed in approximately 20% of breast cancers, which is called HER2-positive breast cancer.2 

HER2-positive breast cancer exhibits a poor prognosis, high mortality rates,3,4 and demonstrates resistance to 
tamoxifen5,6 and an increased risk of brain metastases.7 With continuous efforts engaged in the development of therapy 
and in the improvement of patient care, particularly in the application of trastuzumab, disease-free survival and overall 
survival are improved in HER2-positive breast cancer patients8,9; however, some patients still have to undergo some 
posers such as relapse, disease progression within 1 year, and intrinsic or acquired resistance and so forth.10 Therefore, 
non-invasive and targeted treatment of HER2-positive breast cancer with low side effects remains challenging.

Photodynamic therapy (PDT) is a non-invasive and innovative method for cancer therapy, which has been widely 
used in the studies and management of malignant lesions.11 PDT, which involves three basic elements, namely 
photosensitizer, oxygen, and light,12 can generate reactive oxygen species (ROS) by exposing photosensitizers to 
a specific wavelength of light to inflict irreversible damage on the tumour cells.13 With the development of 
the second-generation photosensitizers, the limitations such as difficulty in synthesis, poor tissue penetration, and 
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prolonged cutaneous photosensitivity14 have been overcome. Notably, 2-[1-hexyloxyethyl]-2-devinyl pyropheophor-
bide-a (HPPH) is the most effective agent and exhibits more optimal photophysical properties, higher accumulation 
in tumour, and mild skin photosensitivity.15,16 Targeting HPPH delivery system is the point.

Nanobubble (NB), a novel ultrasound contrast agent, has demonstrated the potential to be used in molecular and 
targeted imaging in numerous diseases, particularly cancer. Compared to the conventional ultrasound contrast agent 
microbubble (MB) whose size is 1–10 μm, NB is preferred due to its nano-size to extravasate through the vascular wall 
into the extravascular space via the enhanced permeability and retention (EPR) effect of tumour tissue17–20 what MB is 
incapable,21 which is called passive targeting.22 Moreover, NB could be modified with active targeting agent such as 
affibody, capable of HER2 molecule recognition and IR783, a near-infrared fluorescent dye, capable of cancer cell– 
specific binding, which strengthened its targeting ability in our previous studies.23,24 The characteristics of NB enable 
itself not only as an ultrasound contrast agent to perform target imaging but also an optimal carrier to deliver therapeutic 
agent for cancer.

In the present study, we fabricated the nanobubble-IR783-HPPH-affibody (NIHA) complex, utilised its nano-sized 
features, and the ability of targeting improved accumulation of HPPH in breast cancer (Figure 1); with laser the complex 
inhibited tumour growth and provided experimental support for the non-invasive and targeted treatment of HER2- 
positive breast cancer.

Methods
Materials
The phospholipids 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinylated(polyethyleneglycol)–2000] (bioti-
nylated DSPE-PEG [2000]; MW, 3016.781 g/mol) and 1.2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; MW, 
734.039 g/mol), were purchased from Avanti Polar Lipids Inc (USA) in a powdered form without further purification, 
and were used to fabricate nanobubbles. Near infrared fluorescent agent IR783 was purchased from Sigma-Aldrich 
(St. Louis, MO). 2-(1-Hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH) was purchased from Shanghai 

Figure 1 Schematic diagram of the nanobubble-IR783-HPPH-affibody (NIHA) complex formation and behaviour in the tumour tissue. The NIHA complex penetrates the 
blood vessel of the tumour tissue and target specific HER2-positive cancer cells and killed the cancer cells via ROS effect under laser exposure.
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AZBIOCHEM Co. Chloroform was purchased from Kehao Co. ImmunoPure® streptavidin was purchased from Pierce 
(Rockford, IL). Biotinylated anti-ErbB2 Affibody® was purchased from Abcam (USA). The BT-474 cell line and the 
MDA-MB-231 cell line were purchased from the American Type Culture Collection (USA). The Cell Counting Kit-8 
(CCK-8) kit was purchased from Dojindo Laboratories, Kumamoto (Japan).

Fabrication of the Nanobubble-IR783-HPPH-Affibody Complex
The nanobubble-IR783-HPPH-affibody (NIHA) complex was fabricated via improved thin-film hydration method, 
consistent with the protocols described in our previous study.23–25 In a 25-mL rotary evaporation bottle, 14 mg DPPC 
and biotinylated DSPE-PEG (2000) with fixed ratio were added and 2 mL chloroform was used to dissolve them. 
Thereafter, 200 μL IR783 solution (1 mg/mL) and 200 μL HPPH solution (1 mg/mL) were added. After shaking the 
bottle evenly, the bottle was moved into a rotary evaporator and evaporation was performed at 120 rpm and 55 °C. After 
evaporation of chloroform, a phospholipid thin film was observed on the rotary evaporation bottle wall. Next, 1 mL of 
a hydration liquid comprising 10% glycerol and 90% 1 × phosphate-buffered saline (PBS) (V/V) was added into the 
bottle, and the bottle was transferred into an incubator shaker at 130 rpm and 37 °C for 60 min. Thereafter, the 
suspension formed was equally divided into two tubes covered by plastic caps. C3F8 gas was added to replace the air in 
the sealed tube. Each tube was oscillated for 45s in an amalgamator, and the bubble suspension in each tube was 
separately diluted to 8 mL with PBS. The nanobubble-IR783-HPPH suspension was then sterilised via CO60 irradiation.

Approximately 100 μL nanobubble-IR783-HPPH suspension, 850 μL PBS, and 100 μL streptavidin (concentration 
10 mg/mL) were added and mixed in a tube. The tube was placed in mini-tube rotators and subjected to oscillation for 30 
min at 18 rpm. Thereafter, the biotinylated anti-ErbB2 Affibody® molecules (50 μL, 1 mg/mL) were added into the 
suspension, and the mixture was centrifuged. The precipitate of streptavidin and excess affibody was removed with PBS 
three or four times. Eventually, the NIHA complex was formed after washing.

Characteristics of NIHA
The particle sizes of the nanobubble-IR783-HPPH complex and the NIHA complex were tested via dynamic light 
scattering (DLS). Meanwhile, the PDI (polydispersity index) and zeta potential of NIHA complex were tested on the 
DLS.1 mL sample, which was immediately measured after complete fabrication at 25 °C, and the experiment was 
repeated five times.

A transmission electron microscope (TEM) was used to visualise the morphology of the NIHA complex. A drop of 
the NIHA complex suspension was dropped onto a dust-free foil. It was placed in a desiccator and gold sputter-coated for 
5 min, and then examined via TEM.

Optical imaging of the NIHA complex was performed by using a confocal laser scanning microscope (CLSM). 
A drop of sample was placed in a confocal culture dish and observed with excitation at 640 nm and peak emission at 
780 nm.

The changes in particle size and concentration of the NIHA complex over time were assessed to determine stability. 
The particle size was tested as per the methods described above. The sample was added as a droplet on a haemocytometer 
and detected via fluorescence microscopy using a 100 × oil-immersion objective lens to measure concentration. The 
particle size and the concentration were measured at 1 min, 30 min, 60 min, 6 h, and 24 h after fabrication and the 
procedure was repeated five times.

The cytotoxicity of DPPC and DSPE-PEG was assessed in the previous study,25 so the cytotoxicity of IR783 and 
HPPH was assessed via Cell Counting Kit-8 (CCK-8) assays in the present study. Briefly, HER2-positive breast cancer 
line BT-474 human breast cancer cells were seeded into 96-well plates at a density of 5000 cells/well and 100 μL/well of 
the cell culture medium, including the Dulbecco’s modified Eagle medium (DMEM), with 10% fetal bovine serum (FBS) 
was added, after which the cells were cultured in a humidified atmosphere of 5% CO2 and 37 °C. After 24 h, the medium 
was replaced with a fresh medium containing various concentrations of IR783 (1–40 μg/mL) and HPPH (0.15–40 μg/mL) 
respectively. After 24 h of culture, 10 μL of the CCK-8 reagent was added into each well. Eventually, after 4 h, the 
absorbance for each well was measured at 450 nm.
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Tumour Cell Targeting Ability
The tumour targeting ability of the NIHA complex was evaluated via CLSM. The control group NB-HPPH was prepared 
in a manner similar to that of the NIHA complex without IR783 and affibody, which could be used to target cancer cells. 
8 μL fluorescent dye Dil (1.2 mg/mL) was added to locate NB-HPPH. BT-474 cell was cultured in confocal culture 
dishes. Thereafter, 1 mL NIHA complex and NB-HPPH were added into dishes separately. After 30 min, the cells were 
subjected to washing steps thrice with PBS and incubated with 4% formaldehyde (1 mL) for 15 min. Next, 1 mL 0.1% 
Triton X-100 was added at room temperature for 10 min and then washing steps were performed with PBS. Furthermore, 
1 μg/mL DAPI (4’,6-diamidino-2-phenylindole) was added to perform staining of the nucleus, and after 5 min of 
incubation, the cells were subjected to washing steps thrice via PBS. Eventually, the cells were observed using CLSM.

The Effect of NIHA Complex with Laser on Cell in vitro
This experiment comprised four groups. 1) The NIHA-laser group: the cells were incubated with the NIHA complex (200 
μL with concentration of 12×106) and medium for 30 min and subjected to washing steps with PBS. As reported,26 

a laser of 665 nm and 150 J/cm2 was used. 2) The NIHA group: the cells were incubated with the NIHA complex (200 
μL with concentration of 12×106) and medium for 30 min and subjected to washing steps with PBS, without laser. 3) The 
laser group: the cells were subjected to irradiation using a laser of 665 nm and 150 J/cm2. 4) The control group: no 
processing was performed. The CCK-8 assay was conducted to evaluate cell viability. HER2-positive breast cancer cells 
BT-474 were seeded into 96-well plates at a density of 5000 cells per well. After 24 h of culture, the four groups were 
processed separately as described above. Next, 10 μL of the CCK-8 solution was added into each well after 48 
h. Thereafter, the cells were incubated for 4 h and the absorbance at 450 nm in each well was measured by using the 
Infinite F200 Multimode plate reader. The cell viability was measured and expressed as (A1-A2)/(A3-A2) × 100%, where 
A1 represents the absorbance of well of each experimental group, A2 represents the absorbance of well with the medium 
and CCK-8 solution, and A3 represents the absorbance of well comprising the medium, CCK-8 solution, and cells. The 
test was repeated three times. Annexin-V was used to evaluate cell apoptosis. Briefly, 48 h after processing of the four 
groups, cells in each group were collected and stained using the Annexin-V FITC apoptosis detection kit according to the 
procedure given by the manufacturer. Flow cytometry was performed to analyse Annexin-V staining intensity and the 
procedure was repeated three times. For CLSM-based analysis of cell apoptosis, BT-474 cells were cultured in confocal 
culture dishes and processed as above in four groups, respectively. Thereafter, the cells were subjected to fixation using 
4% paraformaldehyde and were covered by using the PI dye solution (5 μg/mL) for 5 min. After performing washing 
steps with PBS, the cells were observed via CLSM.

Animal Xenograft Models
After subjection to 2 days of sub-cutaneous implantation using 0.5 mg estradiol pellet, the breast cancer cells (BT-474) were 
injected into the right back area of athymic nude mice (5 × 106 cells per mouse). To construct HER2-positive model (5 
weeks), HER2-negative cell MDA-MB-231 was cultured and injected to construct HER2-negative model (5 × 106 cells per 
mouse). The tumour volume was calculated by using the formula V = (π × A ×  B × C)/6, where A, B, and C represent the 
length, width, and height diameters of the tumour, respectively. The diameters were measured using 2D ultrasound.

NIHA Complex Accumulation in Tumour and Distribution in vivo
The in vivo fluorescence imaging system (IVIS, Lumina II, Caliper, Boston, MA, USA) was used to visualise 
accumulation of the NIHA complex in the HER2-positive tumour. Briefly, 200 μL of the NIHA complex was injected 
in the caudal vein, and the HER2-positive mice were anaesthetised via inhalation of isopropyl fluoride with 1% 
concentration and were observed by using the IVIS system 12 h later. The Esaote MyLab Twice ultrasound diagnostic 
apparatus with a broad bandwidth (3–9 MHz) routine clinical linear array transducer (Esaote, LA522) was used to 
observe the tumour images before and after injection of the NIHA complex. After the mice were anaesthetised same as 
above, the ultrasound transducer was placed gently on the top of the tumour and the NIHA complex was injected. The 
imaging values were recorded, and the distribution and metabolism in nude mice was assessed. At 12, 24, 48, and 72 
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h after injection of 200 μL of the NIHA complex, the HER2-positive mice were sacrificed and the tumour, heart, liver, 
spleen, lung, kidney, and lymph were harvested and subsequently observed.

The Effect of NIHA Complex with Laser on Tumour in vivo
The mice were subjected to trials until the tumour volume reached an approximate value of 50 −100 mm3. The mice were 
randomly separated into five groups as described following and 10 mice in each group: 1) the NIHA-laser HER2-positive 
group: 200 μL of the NIHA complex was injected into HER2-positive nude mice and laser was applied for 20 min; 2) the 
NIHA-laser HER2-negative group: 200 μL of the NIHA complex was injected into HER2-negative nude mice and laser was 
applied for 20 min; 3) the NIHA group: 200 μL of the NIHA complex was injected into HER2-positive nude mice without 
laser; 4) the laser group: the HER2-positive tumour on nude mice was subjected to irradiation by using laser for 20 min; 5) the 
control group: no processing was performed on HER2-positive nude mice. The tumour volume and cumulative survival were 
used to evaluate the effect on tumour in vivo. The tumour volume was measured once every 3 days after processing of the five 
groups. Moreover, the cumulative survival in the five groups was analysed via Kaplan–Meier survival analysis. Seventeen 
mice were killed by dislocation of the cervical vertebrae, and 33 mice were natural death. The tumour, heart, kidney, liver, 
spleen, and lung samples of five groups were separated to prepare paraffin-embedded sections. After deparaffinisation, 
haematoxylin and eosin (H&E) staining was performed and the sections were observed by using an optical microscope.

Statistical Analysis
All quantitative results are presented as mean ± SD (standard deviation). Statistical significance was determined with Student’s 
t-test using SPSS software (v19.0; SPSS Inc., an IBM Company). The level of statistical significance was set at P < 0.05.

Results
Particle Size and Morphology
The particle size of the nanobubble-IR783-HPPH complex was approximately 444.6 ± 30.0 nm (n = 5) (Figure 2A). 
Moreover, after combining with affibody, the NIHA complex’s particle size was 524.8 ± 53.3 nm (n = 5) (Figure 2B), 
PDI was −1.69 ± 0.83 and zeta potential was −31.98 ± 31.75mV (SFigure 1). The morphology of the NIHA complex was 
observed via TEM. The NIHA complex was observed as a spheroid with an uneven and unsmooth surface (Figure 2C). 
Based on the scale label in the figure, the particle size of the NIHA complex was <1000 nm. The NIHA complex assessed 
via CLSM is depicted as red dots with diameter <1000 nm (Figure 2D).

Stability and Cytotoxicity
The stability in particle size and the concentration of the NIHA complex were measured via DLS. The average particle 
sizes of the NIHA complex stored at 4 °C for 1 min, 30 min, 60 min, 6 h, and 24 h separately were 526.1 ± 47.8 nm (n 
= 5), 534.3 ± 61.9 nm (n = 5), 539.8 ± 69.4 nm (n = 5), 591.2 ± 62.4 nm (n = 5), and 647.4 ± 70.5 nm (n = 5), 
respectively (Figure 3A and SFigure 2A-E). Statistical analysis revealed a significant difference between the average 
particle size at 6 h and that at 1 min. The concentrations of the NIHA complex at same temperature and time as 
mentioned above were (12.0 ± 0.7) × 106 (n = 5), (11.9 ± 0.8) × 106 (n = 5), (11.8 ± 0.6) × 106 (n = 5), (10.9 ± 0.6) × 106 

(n = 5), and (10.1 ± 0.7) × 106 (n = 5) (Figure 3B). The concentration at 6 h differed significantly from that observed at 1 
min. The cytotoxicity of HPPH and IR783 were tested via CCK-8 assay. Figure 3C and D depict the cytotoxicity curve of 
HPPH and IR783, respectively. Statistical analysis revealed that remarkable cytotoxicity was detected when the 
concentration of HPPH increased to 20 μg/mL, and for IR783, it was 30 μg/mL.

Tumour Cell Targeting Capability
The ability of NIHA to target a specific cell was assessed via CLSM. As illustrated in Figure 4, the cell nucleus is 
observed and depicted as blue fluorescence in all groups. Meanwhile, red fluorescence was detected in the NIHA group 
and was not detected in the control group.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S387409                                                                                                                                                                                                                       

DovePress                                                                                                                         
343

Dovepress                                                                                                                                                               Cai et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=387409.docx
https://www.dovepress.com/get_supplementary_file.php?f=387409.docx
https://www.dovepress.com/get_supplementary_file.php?f=387409.docx
https://www.dovepress.com
https://www.dovepress.com


Figure 2 The particle size of the nanobubble-IR783-HPPH complex (A) and the NIHA complex (B). (C) The TEM results of the NIHA complex. (D) The fluorescence 
microscopy image of the NIHA complex.
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Figure 3 Stability and cytotoxicity. The diameter (A) and the concentration (B) stability of the NIHA complex at 4 °C (*P < 0.05 indicated statistically significant differences 
compared with those observed at 1 min). In vitro cytotoxicity for various concentrations of HPPH (C) and IR783 (D) determined by using the CCK-8 assay (*P < 0.05 
indicates statistically significant differences compared with normal cells).
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The Effect of NIHA Complex with Laser on Cell in vitro
Cell viability and apoptosis were determined to evaluate. The cell viability analysis via CCK-8 assay indicated that the 
NIHA-laser group exhibited viability of 9.86% ± 10.86%. Moreover, the NIHA, laser, and control groups exhibited 
viabilities of 95.59% ± 12.29%, 98.82% ± 7.84%, and 100.00% ± 8.89%, respectively. Compared with the other three 
groups, the NIHA-laser group exhibited the lowest rate of viability (Figure 5A). Cell apoptosis was assessed via flow 
cytometry and CLSM. As illustrated in Figure 5B and SFigure 3, the BT-474 cell apoptosis rate in the NIHA-laser group 
was 84.56% ± 4.30%, which was higher than that in the NIHA (5.06% ± 1.99%), laser (0.42% ± 0.20%), and control 
(0.46% ± 0.26%) groups, respectively. In the NIHA-laser group, red fluorescence was observed around the BT-474 cells. 
Furthermore, red fluorescence was slightly detected in the NIHA group and no fluorescence was observed in the laser and 
control groups. The cell structures in the other three groups were complete and were clearer (Figure 6).

Accumulation of NIHA in Tumour Tissues
The NIHA complex was injected into the tail vein of nude mice bearing tumour tissues, and the NIRF images of mice 
were observed. Figure 7A illustrates remarkable fluorescence in the tumour tissue, thereby indicating accumulation of the 

Figure 4 The targeting ability of the NIHA complex. The CLSM images of BT-474 cells incubated with the NIHA complex (up) and the nanobubble-Dil-HPPH complex 
(down). Bar, 50 μm.

Figure 5 (A) Cell viability of BT-474 cells detected via CCK-8. (B) The apoptotic ratio of BT-474 cells detected via Annexin-V flow cytometry. **P < 0.01 compared with the 
NIHA-laser group.
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NIHA complex. B-mode and contrast-enhanced model ultrasound were performed to observe the tumour directly. After 
injection, imaging contrast enhancement was observed in the contrast-enhanced model (Figure 7B).

NIHA Distribution and Metabolism
To further confirm the distribution and metabolism of NIHA complex in vivo, a tissue fluorescence imaging experiment 
was conducted. Fluorescent signals derived from the tumour, heart, liver, spleen, lung, kidney, and lymph of nude mice 
were analysed at different time points after injection (Figure 8). The fluorescence signal was detected in the tumour, liver, 
lung, and kidney, whereas only mild signal was observed in the heart, spleen, and lymph. The fluorescence intensity of 

Figure 6 CLSM images of BT-474 cells in the NIHA-laser, NIHA, laser, and the control groups. The nuclei of the apoptosis cells were stained by using PI (depicted as red 
fluorescence). Bar, 30 μm.

Figure 7 (A) The NIRF imaging of xenografts in nude mice after injection of the NIHA complex. (B) The ultrasound contrast-enhanced imaging of xenografts in nude mice 
before and after injection of the NIHA complex.
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tumour, liver, lung, and kidney gradually decreased with time. Furthermore, the strongest fluorescence intensity was 
observed in the tumour at 12 and 24 h, in the lung at 48 h, and in the liver at 72 h.

The Effect of NIHA Complex with Laser on Tumour in vivo
To evaluate the effect of NIHA with laser, the tumour volume growth was recorded and analysed, and the results have 
been illustrated in Figure 9A. The tumour volume of NIHA, laser, and control groups gradually increased with time; 
however, that of the NIHA-laser HER2-positive group and the NIHA-laser HER2-negative group gradually decreased 
and the NIHA-laser HER2-positive group was more obvious. The cumulative survival (Figure 9B) revealed that the nude 
mice in the NIHA-laser HER2-positive, the NIHA-laser HER2-negative group, NIHA, laser, and control groups 
gradually succumbed on days 55, 57, 50, 44, and 48, respectively. Kaplan–Meier survival analysis showed that the 
NIHA-laser HER2-positive group had a longer survival (P < 0.05) compared to NIHA, laser, and control groups, and no 
statistical difference with the NIHA-laser HER2-negative group (P = 0.417). However, the NIHA-laser HER2-positive 
group exhibited a higher survival percentage on day 80 when all the nude mice in the control group died.

12h

24h

48h

72h

Tissue sequence:
Tumour Heart  Liver  Spleen  Lung  Kidney  Lymph 

High

Low

Figure 8 In vitro fluorescence imaging of the tumour, heart, liver, spleen, lung, kidney, and lymph at different time points after NIHA complex injection.

Figure 9 Tumour growth inhibition and cumulative survival of mice assessed in various treatment groups. (A) Tumour volume growth of each group. (B) The cumulative 
survival of mice in each group.
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Pathology
The histological changes in each group were observed via H&E staining (Figure 10). The tumour tissue of the NIHA- 
laser HER2-positive group revealed fewer cells and lower levels of polymorphism, in contrast to the other four groups. 
Meanwhile, no significant alterations were observed in the heart, kidney, liver, spleen, and lung among the four groups.

Discussion
As breast cancer is the most commonly reported tumour in females, its treatment has gained considerable attention in 
research, particularly in the case of HER2-positive breast cancer, which predicts a poor prognosis and high mortality.3,4 

Although conventional cancer therapies such as surgery, chemotherapy, immunotherapy, radiation, and others have been 
markedly explored, certain issues such as surgical injury and side effects persist. The appearance of NB provides a new 
approach for targeted imaging and treatment of the tumour. NB can pass through the tumour blood vessel, accumulate in 
the intercellular space, and connect with ligand would improve its targeting ability. Therefore, based on protocols 
reported in our previous studies, we fabricated the NIHA complex and used it in combination with laser treatment to 
inhibit tumour growth and to treat breast cancer.

The NIHA complex was fabricated by adopting the thin-film hydration method and its characteristics were detected. 
The particle size measured by DLS confirmed that the size of the nanobubble-IR783-HPPH complex was in the 
nanometre range. After conducting linkage of the affibody by using the biotin–streptavidin system, the NIHA complex 
was examined and findings revealed a similar particle size to the nanobubble-IR783-HPPH complex, which affirmed that 
the operation could not affect the particle size markedly and the diameter of the NIHA complex satisfied the requirement 

Figure 10 H&E assay performed for the sections of tumour, heart, kidney, liver, spleen, and lung in the five different groups. Bar, 100 μm.
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of subsequent experiments. Through the results of TEM and CLSM, we confirmed the spherical morphology of the 
NIHA complex, and findings on its diameter were consistent with the DLS results. The stability results indicated that the 
particle size and the concentration of the NIHA complex were relatively stable at 4 °C and differed significantly at 24 and 
6 h after fabrication, respectively. Its relative stability is partly attributable to the gaseous core C3F8 which is stable and 
exhibits low dispersion and blood solubility.27 The concentration of IR783 and HPPH, at which their cytotoxicity was 
observed, in all experiments was significantly less than 30 and 20 μg/mL, respectively. The cytotoxicity of phospholipid 
DPPC and DSPE-PEG (2000) were investigated in our previous studies.25,28 Moreover, due to their hypo-cytotoxicity, 
DPPC and DSPE-PEG (2000) have been used to fabricate MB and NB in several studies.23,24,29,30 Therefore, fabrication 
materials of the NIHA complex would not lead to cell apoptosis or decreased viability. In the tumour targeting test, 
compared to the control group, red fluorescence was detected around the cell nucleus (exhibiting blue fluorescence) in the 
NIHA group, which indicated that NIHA complex exhibited the HER2 cancer cell targeting capability, and without the 
presence of affibody and IR783 (control group), it could not establish connection with the cell.

We assumed that the NIHA complex used in combination with laser treatment would inhibit the growth of tumour 
cells and induce their apoptosis, and this was evaluated via CCK-8 assay, flow cytometry, and CLSM. The NIHA-laser 
group exhibited higher apoptosis and lower cell viability, compared with the other three groups. In the CLSM results, the 
NIHA-laser group revealed an increase in red fluorescence, which indicated a better effect in vitro. This is mainly 
because HPPH is a second-generation photosensitizer of PDT, which can help generate ROS under light irradiation 
conditions to inflict irreversible damage on the tumour cells.31 Hence, neither HPPH (the NIHA group) nor laser (the 
laser group) treatment alone can achieve such an effect.

After the performance of caudal vein injection, the signal intensity of fluorescent and contrast-enhanced ultrasound 
observed via IVIS and ultrasound increased only in the tumour tissue, which confirmed the accumulation of the NIHA 
complex in the tumour tissue. Tissue fluorescence imaging was conducted to observe the distribution and metabolism of 
the NIHA complex, which mainly focused on examination of the characteristics of the tumour tissue. In accordance with 
the findings reported in previous studies, it was observed that a considerable portion of MB and NB was cleared by the 
hepatic system,28,32 which was consistent with the findings obtained in the present study.

In the in vivo experiments, the NIHA group and the laser group demonstrated that without laser or NIHA treatment, 
the inhibition efficacy of tumour was reduced. In contrast to the three four groups, the NIHA-laser HER2-positive group 
and the NIHA-laser HER2-negative group markedly inhibited the tumour volume, prolonged nude mice survival, but the 
former one was more pronounced. Moreover, organs such as the liver, kidney, heart, and others did not reveal any 
significant changes. This may presumably be attributable to the following three major reasons: (1) the non-toxicity of the 
NIHA complex. The NIHA complex comprises DDPC, DSPE-PEG (2000), C3F8 gas, affibody, HPPH, and IR783. The 
first four were widely applied in various studies and their safety was verified. The cytotoxicity of HPPH and IR783, as 
discussed above, was lower than the concentration at which evident cytotoxicity was observed; (2) the tumour targeting 
ability of the NIHA complex. The majority of tumour vessels demonstrate a pore cutoff size ranging from 380 to 780 
nm.33,34 Considering its particle size, the NIHA complex can penetrate through gaps of inter-endothelial tumour and is 
markedly large for normal tissues whose inter-endothelial gaps are less than 7 nm.35 The presence of affibody and IR783 
enhanced the tumour targeting ability of the NIHA complex; (3) light irradiation in specific area. The position of laser 
irradiation can be controlled in the tumour tissue, which may help reduce its influence on normal tissues. Hence, the 
NIHA-laser group showed marked inhibition of the tumour tissue but rarely showed effects in normal tissues.

Conclusion
In summary, we fabricated the NB-IR783-HPPH complex by adopting an advanced thin-film hydration method and 
further enabled the establishment of connections with HER2 affibody by using the avidin–biotin system to facilitate the 
formation of the NIHA complex. The complex exhibits a good particle size, stability, and no evident cytotoxicity. In the 
in vitro experiments, it exhibited the ability of targeting HER2-positive breast cancer cells, inhibited the growth of 
tumour cells, and induced their apoptosis. Furthermore, due to its nanoscale size and presence of affibody and IR783, the 
NIHA complex could accumulate in the tumour tissue and could suppress tumour growth when used in conjunction with 
laser treatment in vivo. Hence, the NIHA complex could be used as an innovative, non-invasive therapeutic tool for 
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HER2-positive breast cancer with low side effects. Furthermore, the NIHA complex’s real time in vivo biodistribution 
and longtime preservation should be studied in the future.
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