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Background: Photodynamic therapy and sonodynamic therapy are developing, minimally 

invasive, and site-specific modalities for cancer therapy. A combined strategy PSDT (photo-

dynamic therapy followed by sonodynamic therapy) has been proposed in this study. Here, 

we aimed to develop novel biodegradable poly(dl-lactide-co-glycolic acid) phase-transition 

nanoparticles simultaneously loaded with oxygen and indocyanine green (OI-NPs) and to 

investigate the cytotoxic effects and the potential mechanisms of OI-NP–mediated PSDT on 

MH7A synoviocytes.

Methods: The OI-NPs were prepared using a modified double emulsion method and the physi-

cochemical properties were determined. The cellular uptake of OI-NPs was detected by confocal 

microscopy and flow cytometry. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

assay, flow cytometry, and Hoechst 33342/propidium iodide double staining were used to deter-

mine the cytotoxic effect of OI-NP–mediated PSDT on MH7A cells. Fluorescence microscope and 

fluorescence microplate reader were used to detect reactive oxygen species (ROS) generation.

Results: The OI-NPs were a stable and efficient carrier to deliver oxygen and indocyanine 

green, and enhanced cellular uptake was observed in MH7A cells with the nanoparticles. OI-NP–

mediated PSDT caused more serious cell damage and more evident cell apoptosis, compared with 

other groups. Furthermore, increased generation of intracellular ROS was detected in MH7A 

cells treated with PSDT. Interestingly, the OI-NP–mediated PSDT-induced cell viability loss 

was effectively rescued by pretreatment with the ROS scavenger N-acetylcysteine.

Conclusion: Multifunctional OI-NPs were successfully developed and characterized for the 

combined delivery of oxygen and indocyanine green, and OI-NP–mediated PSDT would be 

a potential cytotoxic treatment for MH7A cells. This study may provide a novel strategy for 

the treatment of RA and develop a model of theranostic application through phase-transition 

nanoparticle-mediated PSDT in the future.

Keywords: multifunctional nanoparticles, indocyanine green, synoviocytes, reactive oxygen 

species, apoptosis

Introduction
Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease of uncertain cause 

that is associated with progressive disability, systemic complications, and socioeconomic 

costs, with approximately 1% of the adult population affected worldwide.1–3 It character-

istically involves the small joints in a symmetric pattern with a potential for progressive 

joint destruction, and extra-articular and systemic features may also be present.1
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Similar to a locally invasive tumor, abnormal synovium 

proliferation and local hypoxia of the involved joint play 

important roles in the pathogenesis of RA. In this process, RA 

fibroblast-like synoviocytes (RA-FLSs) play key roles by pro-

ducing cytokines and proteases that perpetuate inflammation 

and contribute to cartilage destruction. Besides, it increases 

invasiveness into the extracellular matrix by developing a 

unique aggressive phenotype, which further exacerbates 

joint damage.4 Furthermore, the excessive proliferation of 

FLSs in RA synovium leads to increased oxygen consump-

tion and local microenvironment hypoxia, which contribute 

to synovium inflammation, proinflammatory cell infiltra-

tion, angiogenesis, and cartilage degradation.5 The above 

processes promote mutually, form a positive feedback loop, 

and jointly promote the progression of RA. Despite some 

impressive advances in the proapoptosis effects for FLSs, 

most of these therapies involved are nontargeted or have 

limited efficacy.4–6 In addition, little research has been done 

on improving the local hypoxia to increase the effect of RA 

treatment. Therefore, in this study, we have used a promising 

strategy for the treatment of RA, which aims simultaneously 

at inducing FLSs apoptosis and improving the local hypoxia 

microenvironment.

Photodynamic therapy (PDT) is a clinically approved 

therapeutic modality that can exert a minimally invasive 

and site-selective cytotoxic effect toward many proliferative 

diseases.7 It has been proposed and experimentally studied 

as a new RA synovectomy modality in the last few years.8–10 

However, limited penetrating ability of light is one of the 

reasons hampering further study of PDT-mediated thera-

peutic effect on RA. Compared with the light used in PDT, 

ultrasound has better penetrability, which can easily act on 

the lesion at a deep site.11,12 Besides, it is currently believed 

that the combination of PDT and sonodynamic therapy 

(SDT) may decrease the sensitizer dosage and ultrasound/

light energy, which can further reduce the side effects, while 

enhancing the curative effect dramatically.13–17 Thus, PDT 

combined with SDT (PSDT) is considered for the lesion of 

deep site in the present study. The underlying mechanisms 

of PDT and SDT are quite different, and the mechanisms of 

PSDT are very complicated. However, generation of reactive 

oxygen species (ROS) is believed to be one of the primary 

cytotoxicity mechanisms by which cell apoptosis or necrosis 

is induced.13,14,18–21

Indocyanine green (ICG) is a water-soluble tricar-

bocyanine dye that strongly absorbs in near-infrared 

region.22–24 Studies have demonstrated that ICG can 

be activated by both light and ultrasound.25 However, 

the applications of ICG are mainly hindered by some 

characteristics, including instability (aqueous instabil-

ity, thermal degradation, and photodegradation), high 

protein binding (which leads to its rapid elimination 

from the body), lack of targeting, and its proneness to 

photobleaching.26–28 An investigation of the new nano-

technology and drug delivery systems would bring hope 

to overcome these restrictions. In recent years, poly(dl-

lactide-co-glycolic acid [PLGA]) has been widely used in 

medical and biologic applications for its biodegradability, 

biocompatibility, safety, and stability.29–32 Several studies 

have demonstrated that ICG-loaded PLGA nanoparticles 

(NPs) could improve the stability of ICG and act as an 

efficient carrier to deliver ICG to the lesion area to per-

form the function of therapy or imaging.33–36 Furthermore, 

it has been demonstrated that liquid perfluorocarbon 

compounds (PFC) act as a good oxygen carrier37 and 

are widely used in ultrasound imaging, and PLGA NPs 

entrapped with PFC droplets have been reported in several 

studies.38–40 So far, there is no report about the establish-

ment and application of PLGA NPs delivering ICG and 

oxygen simultaneously.

In this study, we aimed to develop a novel nanoscale 

PLGA drug delivery system which encapsulates oxygen-

saturated perfluoro-n-pentane (PFP) and ICG, and to investi-

gate the cytotoxic effects of OI-NP–mediated PSDT against 

FLSs and the potential mechanisms involved in vitro. The in 

vitro study will pave the way for future in-depth in vivo study 

of OI-NP–mediated PSDT on RA. To our knowledge, this 

is the first study to successfully develop ICG and oxygen-

loaded PLGA nanosystem and the first attempt to apply 

PSDT-mediated cytotoxic effects on synoviocytes for the 

treatment of RA.

Materials and methods
Chemicals and reagents
ICG was purchased from Sigma-Aldrich Co. (St Louis, 

MO, USA). PLGA (lactide:glycolide =50:50, molecular 

weight =12,000 Da) was obtained from the Shan-dong 

Key Laboratory of Medical Polymer Materials (Shandong, 

People’s Republic of China). PFP (a PFC compound with a 

boiling point of 29°C) was obtained from Fluka (St Louis, 

MO, USA). Polyvinyl alcohol (PVA, 87%–90%) was also 

obtained from Sigma-Aldrich Co. Singlet oxygen Sen-

sor Green (SOSG) was purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Hoechst 33342/pro-

pidium iodide (HO/PI) double-staining kit was obtained 

from Nanjing Jiancheng Bioengineering Institute (Nanjing, 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

383

Cytotoxic effects of OI-NP–mediated PSDT on MH7A synoviocytes

People’s Republic of China). 2-(4-amidinophenyl)-6- 

indolecarbamidine dihydrochloride (DAPI), N-acetylcysteine 

(NAC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-

umbromide (MTT), and 2′,7′-dichlorofluorescin diacetate 

(DCFH-DA) were all supplied by Beyotime Biotechnology 

(Shanghai, People’s Republic of China). All other reagents 

used in this study were commercial products of analytical 

grade. Ultrapure water (EMD Millipore, Billerica, MA, USA) 

was used to prepare all solutions.

Preparation of OI-NPs
OI-NPs were prepared using a modified double emulsion 

method adapted from previously published studies.29,41 

1) 25  mg/mL PLGA solution in methylene chloride and 

2 mg/mL ICG solution in water were prepared in advance 

and PVA was dissolved in water to form 5% w/v aqueous 

solution. 2) 200  µL PFP was bubbled with oxygen gas 

till saturation and added to ICG aqueous solution and the 

mixture was subjected to vibration for 1 min using an ultra-

sonic probe (Sonics & Materials, Inc., Fairfield, CT, USA). 

Then, the uniform mixture was bubbled with oxygen again 

for 2 min. Subsequently, the PLGA solution was added to 

the mixture and sonicated by the ultrasonic probe at 100 W 

for 2 min to form an initial emulsion. 3) The emulsion was 

added to the 5% PVA aqueous solution and sonicated again 

to produce the second emulsion. Then, the emulsion was 

stirred for 4 h to extract methylene chloride sufficiently. 

Also, the solution was centrifuged (5806 R; Eppendorf, 

Hamburg, Germany) at 12,000 rpm for 8 min at 4°C and 

the supernatant was discarded. The precipitate was washed 

by water until the supernatant was clarified. 4) The washed 

precipitate was resuspended in 3 mL water enriched with 

oxygen and stored at 4°C for further use. Blank NPs and 

ICG-loaded NPs (I-NPs) were prepared similarly using 

water instead of ICG solution and omitting all the oxygen 

saturation processes. All of the operations were kept on 

ice and in the dark to prevent evaporation of the PFP and 

decomposition of the ICG.

Characterization of the OI-NPs
Microscopy imaging and characterization 
measurement
The morphologic characterization of OI-NPs was imaged by 

light microscope (Olympus IX53; Olympus, Tokyo, Japan), 

Scanning Electron Microscope (SEM, Hitachi S-340 0N; 

Hitachi Ltd., Tokyo, Japan), and Transmission Electron 

Microscope (TEM, Hitachi H-760 0; Hitachi Ltd.). Size, 

size distribution, surface zeta potential, and polydispersity 

index (PDI) of the NPs were determined by dynamic light 

scattering using a Malvern Zetasizer Nano ZS unit (Malvern 

Instruments, Malvern, UK) at room temperature.

Determination of ICG entrapment efficiency and 
loading efficiency
The entrapment efficiency and the content of ICG loaded in 

NPs were determined in triplicate by an ultraviolet–visible 

(UV–Vis) spectrophotometer (260-Bio, Thermo Fisher 

Scientific). The supernatant of centrifugation and washing 

process was collected and the concentration of ICG in the 

supernatant was quantified by measuring the absorbance at 

780 nm and comparing the reading to a standard concentra-

tion curve of free ICG in the same solvent. The entrapment 

efficiency and the content were calculated as follows: entrap-

ment efficiency (%) = ([ICG used in formulation – ICG 

in supernatant]/ICG used in formulation) ×100; content  

(% w/w) = ([ICG used in formulation – ICG in supernatant]/

mass of NPs) ×100.

Optical spectra measurement
The absorption spectra of free ICG and OI-NPs were obtained 

using UV-Vis spectrophotometer (the wavelength was from 

550 to 850 nm). The fluorescence spectra were obtained using 

fluorescence spectrometer (Cary Eclipse, Agilent Technolo-

gies) with excitation of 775 nm, and the emission spectra 

were recorded from 785 to 850 nm. Both excitation slit width 

and emission slit width were 10 nm. Also, we measured the 

absorbance at different time intervals to evaluate the stabil-

ity of the NPs. In brief, the absorbance (at 780 nm) of the 

samples was detected every 5 days for 40 days by UV–Vis 

spectrophotometer.

In vitro ICG release study of OI-NPs
The detection procedure was similar to those used in previ-

ous studies.36,42 In brief, the OI-NPs were resuspended in 

phosphate-buffered saline (PBS, pH 7.4) and sonicated to 

get a homogenous dispersion. The suspension was divided 

into aliquots in microcentrifuge tubes and the tubes were 

placed in an incubator oven at 37°C and a stirring speed 

of 100 rpm. At an indicated time point, the samples were 

collected and centrifuged at 10,000 rpm for 6 min. The pre-

cipitate was dispersed for the fluorometric assay of the ICG 

remaining after the release. Release kinetic studies were 

done up to 48 h. The cumulative percentage of ICG released 

from the NPs at an indicated time interval was calculated 

by the following equation: ICG released (%) =100% − ICG 

remaining (%).
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Measurement of ROS generation 
in cell-free system
The SOSG solution (5 µM) in degassed water was added 

to the free ICG, I-NPs, or OI-NPs (10 µg/mL of ICG). The 

solution was irradiated with laser light and then immediately 

exposed to ultrasound while being kept in the dark (the 

parameters of laser and ultrasound were consistent with the 

following experimental part). ROS production before and 

after the exposure to laser and ultrasound was determined 

by measuring the fluorescence intensity of SOSG with a 

fluorescence microplate reader (Varioskan Flash, Thermo 

Fisher Scientific; Ex =504 nm, Em =525 nm).

Cell culture
Human FLSs MH7A cell line was purchased from RIKEN 

Bio Resource Center (Ibaraki, Japan). The cells were cultured 

in Dulbecco’s Modified Eagle’s Medium containing 15% 

fetal bovine serum under a humidified atmosphere in 5% 

CO
2
 at 37°C. For all experiments, cells in the exponential 

phase of growth were used.

Cellular uptake determination
The cellular uptake of OI-NPs was determined by confocal 

laser scanning microscopy (CLSM; A1+ R; Nikon Corpora-

tion, Tokyo, Japan) and flow cytometry (BD Biosciences, 

San Jose, CA, USA). Briefly, MH7A cells were seeded into 

a six-well plate (1×106 cells/well) and incubated overnight. 

Then, the medium was changed to serum-free medium con-

taining either free ICG or OI-NPs (10 µg/mL of ICG) and 

incubated for 4 h. The cells were washed thrice with PBS 

and harvested for flow cytometry determination or fixed 

with 4% paraformaldehyde solution for CLSM detection.

Determination of intracellular ROS 
generation
Intracellular generation of ROS was detected with the fluores-

cence indicator DCFH-DA. MH7A cells were seeded in 24-well 

plates (6×104 cells/well). After overnight incubation, the medium 

was replaced with 0.5 mL serum-free medium which contained 

free ICG, I-NPs, or OI-NPs (10 µg/mL of ICG) and was incu-

bated for 4 h. The cells were washed with PBS to remove the 

excess NPs, and DCFH-DA (10 µM) was added and incubated 

for 30 min. Then, the cells were exposed to laser and ultrasound. 

After incubation for another 30 min, the green fluorescent signal 

of 2′,7′-dichlorofluorescein, which indicated the generation of 

reactive oxygen in the cells, was qualitatively imaged using 

fluorescence microscopy (Eclipse Ti, Nikon Corporation) and 

quantitatively detected using fluorescence microplate reader.

In vitro experimental protocol
MH7A cells were divided into the following groups: 

1) control group (control), 2) PSDT alone (PSDT), 3) OI-

NPs alone (OI-NPs), 4) ICG-mediated PSDT (ICG + PSDT),  

5) I-NP–mediated PSDT (I-NPs + PSDT), and 6) OI-NP–

mediated PSDT (OI-NPs + PSDT). MH7A cells were incu-

bated with free ICG, I-NPs, or OI-NPs containing serum-free 

medium according to the previous grouping and were 

incubated at 37°C for 4 h in the dark. Then, the cells were 

washed thrice slightly using PBS and each well was replaced 

with complete medium. For PSDT group, an 808 nm diode 

laser (Mid-River Ltd., Xi’an, People’s Republic of China), 

emitting at 808 nm with a power density of 0.75 W/cm2,  

was placed 50 mm upon the medium. Care was taken to 

ensure that the beam was covering the same field of each 

well to be treated. Then, the cells were immediately exposed 

to low-intensity focused ultrasound. The focused ultrasound 

transducer (25  mm in diameter, 1.0  MHz in frequency), 

power amplifier, and ultrasonic generator used in this study 

were assembled by National Engineering Research Centre 

of Ultrasound Medicine (Chongqing, People’s Republic of 

China). The intensity of 1.0 W/cm2 and the duration time 

of 1 min were used. After various treatments, cells were 

incubated at 37°C in a humidified 5% CO
2
 atmosphere for 

additional time and then subjected to different determina-

tions (MTT assay, flow cytometry analysis and HO/PI 

double staining).

Cell cytotoxicity assay
The cytotoxicity of different treatments on MH7A cells 

was evaluated at 24 h posttreatment by MTT assay accord-

ing to the standard protocol. Cell viability was calculated 

by the following equation: cell survival (%) = optical 

density (OD)
treatment group

/OD
control group

 ×100%. For inhibi-

tory experiment, the ROS scavenger NAC (5 mM) was 

added to MH7A cells 1 h prior to laser and ultrasound 

exposure.

Flow cytometry analysis of apoptosis
Apoptosis of MH7A cells was measured using Annexin V- 

fluorescein isothiocyanate (FITC)/PI double staining and was 

analyzed by flow cytometry at 24 h after different treatments. 

Briefly, the cells were seeded at a density of 1×106 cells/well 

in six-well plates. After different treatments for 24 h, the 

cells were stained with an Annexin V-FITC/PI apoptosis kit 

following the manufacturer’s instructions. After incubation 

for 15 min at room temperature in the dark, the cells were 

analyzed by flow cytometer.
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Nuclear morphology study for apoptosis
In this study, HO/PI double staining was used to determine 

the integrity of cell membrane and the cell apoptotic mor-

phologic characteristics. At 24 h after treatment, MH7A cells 

were washed with PBS, and then HO and PI were added to 

the culture medium according to the standard protocol. After 

an incubation period of 10 min at 37°C in the dark, the cells 

were observed under a fluorescence microscope.

Statistical analysis
Statistical analysis of the data was performed using Graph-

Pad Prism 5.0. All data are expressed as mean ± standard 

deviation (SD). Differences among the groups were analyzed 

using one-way analysis of variance method. P-values ,0.05 

were considered statistically significant.

Results
Characterization of the OI-NPs
The schematic structure of the prepared OI-NPs is illustrated 

in Scheme 1. The ICG was encapsulated in the PLGA shell, 

while oxygen-saturated PFP was wrapped in the core of 

the NPs. Scheme 2 is a schematic illustration showing the 

procedure of OI-NP–mediated PSDT.

The physical properties of OI-NPs are presented in 

Figure 1. The optical microscopy image of the OI-NPs 

offers a qualitative view of the larger NPs in the samples 

(Figure 1A). The TEM image of OI-NPs showed that the NPs 

were generally spherical in shape with good monodispersity 

(Figure 1B). Also, the SEM analysis showed that the NPs 

had a smooth surface (Figure 1C). The average diameter of 

the OI-NPs (by dynamic light scattering measurement) was 

277.80±22.49 nm with a PDI of 0.06±0.01 (Figure 1D), and 

the zeta potential was -20.0±5.45 mV (Figure 1E).

Table 1 shows the results of the entrapment efficiency and 

the loading efficiency of ICG in the OI-NPs (56.63%±8.60% 

and 1.15%±0.16%, respectively). Besides, size distribution, 

PDI, zeta potential, entrapment efficiency, and loading 

content of blank NPs, I-NPs, and OI-NPs were compared in 

this study. The results showed that the differences were not 

statistically significant.

The optical properties of OI-NPs were also detected. As 

shown in Figure 2, the absorption and emission peaks of OI-

NPs were red-shifted approximately 30 and 10 nm, respec-

tively, compared with those of free ICG (Figure 2A and B). 

The absorption spectra of the ICG and OI-NPs at different 

time intervals were measured to determine whether the NPs 

have a higher stability than free ICG. The absorbance values 

of the divided groups were measured continuously until freely 

ICG was almost completely degraded (Figure 2C), while the 

OI-NPs only experienced a slight decreased of absorbance 

after 40 days (Figure 2D).

Release profile of ICG from OI-NPs and 
ROS generation in cell-free system
The release profile of ICG from the NPs is shown in Figure 3A. 

The results suggest the accumulative release pattern of ICG 

from the NPs was exponential, which was consistent with the 

reported studies.36,42 Drug release occurs in two phases: an ini-

tial “burst” release phase and subsequent slower release. ICG 

showed a 60% accumulative release after 12 h and a slower 

release process was noted thereafter. The mean accumulative 

release of ICG was 71.34% until 24 h, and up to 48 h, the 

accumulative release of ICG was only increased by 4.15%.

To determine the ROS production of the OI-NPs upon 

exposure to laser and ultrasound, the amount of generated 

ROS in degassed water was evaluated using SOSG as an indi-

cator. As shown in Figure 3B, a plot of percentage increase in 

fluorescent intensity of SOSG before and after laser and ultra-

sound treatment for ICG, I-NPs, and OI-NPs was constructed. 

However, the fluorescence intensity of OI-NP–mediated 

PSDT group was significantly increased (286.46%±51.35%) 

compared with those of ICG- and I-NP–mediated PSDT 

groups (201.26%±20.85% and 184.87%±41.73%, respec-

tively). Also, no distinct fluorescence intensity increase was 

detected by adding the ROS scavenger NAC in advance, 

indicating that OI-NP–mediated PSDT was indeed capable 

of producing ROS.

Cellular uptake and intracellular ROS 
production
The cell uptake behavior of free ICG and OI-NPs was inves-

tigated using CLSM and flow cytometry (Figure 4A and B). 

Figure 4A clearly demonstrates that the cells incubated with 

Scheme 1 Schematic illustration of the structure of OI-NPs. 
Abbreviations: ICG, indocyanine green; OI-NPs, oxygen and indocyanine 
green loaded nanoparticles; PFP, perfluoro-n-pentane; PLGA, poly(dl-lactide-co-
glycolic acid).
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OI-NPs exhibited much stronger intracellular fluorescence 

signals in the cytoplasm, compared to the cells incubated with 

free ICG. Figure 4B shows the quantitative results detected 

by flow cytometry. The quantitative results show that the 

average fluorescence intensity was 16-fold greater in OI-NPs 

group (40.64%) than that in free ICG group (2.58%), which 

further demonstrates that the encapsulation of ICG in PLGA 

NPs could improve the cell uptake ability.

The intracellular generation of ROS was observed by 

fluorescence microscope and fluorescence microplate reader 

(Figure 5). No obvious green fluorescence was detected in the 

control group (2.78±1.17). However, cells treated with free 

Scheme 2 Schematic illustration of the structure of OI-NP–mediated PSDT for MH7A cells. Liquid-gas transition and photodynamic reaction occurred in the OI-NPs under 
laser irradiation. The phase-transited OI-NPs were ruptured when exposed to low-intensity focused ultrasound and it caused a sonodynamic reaction.
Abbreviations: OI-NPs, oxygen and indocyanine green loaded nanoparticles; PDT, photodynamic therapy; RA-FLSs, rheumatoid arthritis fibroblast-like synoviocytes; 
SDT, sonodynamic therapy; US, ultrasound.

Figure 1 The characterization of OI-NPs.
Notes: (A) Optical microscopy images of OI-NPs, scale bar is 10 µm. (B) TEM image of OI-NPs. (C) SEM image of OI-NPs. (D) Size distribution of OI-NPs by DLS 
measurement. (E) The zeta potential of OI-NPs measured by DLS.
Abbreviations: DLS, dynamic light scattering; OI-NPs, oxygen and indocyanine green loaded nanoparticles; SEM, scanning electron microscopy; TEM, transmission 
electron microscopy.
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ICG, I-NPs, or OI-NPs and then exposed to laser and ultrasound 

showed enhanced intracellular green fluorescence; especially, 

the I-NP– or OI-NP–mediated PSDT groups displayed the 

strongest intracellular fluorescence in MH7A cells (P,0.001 

and P,0.001 vs control and ICG-mediated PSDT group, 

respectively). Besides, the OI-NP–mediated PSDT group 

pretreated with NAC displayed no obvious fluorescence.

Cytotoxic effects with OI-NP–mediated 
PSDT
As shown in Figure 6A, no obvious cytotoxicity against 

MH7A cells was noted in the free ICG group, even if the 

concentration was increased up to 100 μg/mL. In contrast, the 

OI-NPs caused significant cytotoxicity against MH7A cells 

when the ICG content was .10 μg/mL. An ICG concentra-

tion of 10 µg/mL (both for OI-NPs and free ICG) was used 

in the following studies.

Figure 6C shows the cytotoxic effects on MH7A cells under 

different treatments. No obvious cytotoxicity was observed in 

PSDT or blank NP-mediated PSDT group (93.39%±3.93% 

and 93.17%±1.95% of cell viability, respectively). However, 

when treated with ICG, I-NPs, or OI-NPs and followed 

by laser and ultrasound exposure, significant loss in cell 

viability was observed (75.03%±2.93%, 31.67%±4.28%, and 

Figure 2 Optical spectra measurement of ICG and OI-NPs.
Notes: Fluorescence (A) and absorption (B) spectra of free ICG and OI-NPs. The optical stability of free ICG (C) and OI-NPs (D) at different time intervals. The results 
demonstrated that OI-NPs had a higher stability compared to freely dissolved ICG.
Abbreviations: ICG, Indocyanine green; OI-NPs, oxygen and indocyanine green loaded nanoparticles.

Table 1 Physicochemical property of the developed nanoparticles

Groups Size distribution (nm) PDI Zeta potential (mV) Encapsulation efficiency (%) ICG loading (%)

Blank NPs 264.03±23.13 0.06±0.03 -19.33±4.22 – –

I-NPs 262.90±12.37 0.08±0.10 -20.77±3.78 58.85±5.53 1.18±0.11
OI-NPs 277.80±22.49 0.06±0.01 -20.00±5.45 56.63±8.60 1.15±0.16

Notes: No significant differences were found among the three groups. Values represent the mean ± SD (n=3).
Abbreviations: ICG, indocyanine green; I-NPs, indocyanine green loaded nanoparticles; NPs, nanoparticles; OI-NPs, oxygen and indocyanine green loaded nanoparticles; 
PDI, polydispersity index; SD, standard deviation.
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25.05%±5.42%, respectively) and the cytotoxicity was greater 

in I-NP– or OI-NP–mediated PSDT group than that in ICG-

mediated PSDT group (P,0.001). Although the whole cell 

viability in OI-NP–mediated PSDT group was lower than that 

in I-NP–mediated PSDT, the difference was not statistically 

significant (P.0.05). To further investigate the role of ROS 

in cell damage induced by OI-NP–mediated PSDT, cells were 

pretreated with NAC, and the result showed that the cell viabil-

ity was significantly increased (75.24%±6.00%, P,0.001).

Cell apoptosis induced by different 
treatments
The cytotoxic effect of PSDT on MH7A cells was further 

quantified by flow cytometry and qualified by fluorescence 

microscopy. As shown in Figure 7A–F, the apoptosis efficiencies 

for the treatment groups A–F are 5.59%±0.36%, 8.94%±0.64%, 

6.70%±0.97%, 27.66%±3.24%, 76.44%±6.80%, and 

86.23%±12.55%, respectively. It shows that ICG-, I-NP–, 

or OI-NP–mediated PSDT induced significantly more cell 

apoptosis as compared with the control group (P,0.01, 

P,0.001, and P,0.001, respectively). Besides, both I-NP– 

and OI-NP–mediated PSDT groups could induce higher rate 

of cell apoptosis than ICG-mediated PSDT group (P,0.001). 

In addition, the apoptosis rate of OI-NP–mediated PSDT group 

was higher than that of I-NP–mediated PSDT group, but the 

difference did not show statistical significance (P.0.05).

The qualitative study results of inducing cell apopto-

sis is shown in Figure 7H. Control, PSDT, and OI-NPs 

Figure 4 Cellular uptake of free ICG and OI-NPs by MH7A cells.
Notes: CLSM images of MH7A cells subcellular localization (A) and flow cytometric analysis of mean fluorescence intensity in MH7A cells incubated with media (pink), free 
ICG (blue), and OI-NPs (red) for 4 h (B). Scale bar is 50 µm.
Abbreviations: CLSM, confocal laser scanning microscopy; DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; ICG, indocyanine green; OI-NPs, oxygen and 
indocyanine green loaded nanoparticles.

Figure 3 Release profile of ICG from OI-NPs and ROS generation in cell-free system.
Notes: Release profile of ICG from OI-NPs in PBS at 37°C (A). Plot of % increase in SOSG fluorescence for ICG, I-NPs, OI-NPs, and NAC plus OI-NPs in degassed 
water with laser and ultrasound exposure (measured by fluorescence microplate reader) (B). Values are mean ± SD (n=3). ###P,0.001 versus control group. *P,0.05 and 
***P,0.001 between groups.
Abbreviations: ICG, indocyanine green; I-NPs, ICG-loaded nanoparticles; NAC, N-acetylcysteine; OI-NPs, oxygen and indocyanine green loaded nanoparticles; PBS, 
phosphate-buffered saline; ROS, reactive oxygen species; SD, standard deviation; SOSG, singlet oxygen sensor green.
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Figure 5 Intracellular ROS production determination.
Notes: MH7A cells incubated with DCFH-DA staining for ROS detection by fluorescence microscopy images (A) Scale bar is 50 µm. (B) Plot of % increase in DCF 
fluorescence for ICG, I-NPs, OI-NPs, and NAC plus OI-NPs incubated with MH7A cells upon exposure to laser and ultrasound (measured by fluorescence microplate 
reader). The data are shown as mean ± SD (n=3). ##P,0.01 and ###P,0.001 versus control group. ***P,0.001 between groups.
Abbreviations: DCF, 2′,7′-dichlorofluorescein; DCFH-DA, 2′,7′-dichlorofluorescin diacetate; ICG, indocyanine green; I-NPs, indocyanine green loaded nanoparticles; 
NAC, N-acetylcysteine; ns, no significant difference; OI-NPs, oxygen and indocyanine green loaded nanoparticles; PSDT, photodynamic and sonodynamic combination 
therapy; SD, standard deviation.

Figure 6 Cytotoxicity of free ICG (A) and OI-NPs (B) on MH7A cells determined using MTT assay. Cell viability of MH7A cells under different treatments, as determined 
by the MTT assay (10 µg/mL of ICG) (C).
Notes: The data are shown as mean ± SD (n=3). ##P,0.01 and ###P,0.001 versus control, PSDT and NP-mediated PSDT groups. ***P,0.001 between groups.
Abbreviations: ICG, indocyanine green; I-NPs, indocyanine green loaded nanoparticles; NAC, N-acetylcysteine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra
zoliumbromide; NP, nanoparticle; ns, no significant difference; OI-NPs, oxygen and indocyanine green loaded nanoparticles; PSDT, photodynamic and sonodynamic 
combination therapy; SD, standard deviation.
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Figure 7 Apoptosis in MH7A cells detected by flow cytometry and fluorescence microscopy 24 h after different treatments.
Notes: Control (A); PSDT (B); OI-NPs (C); ICG + PSDT (D); I-NPs + PSDT (E); OI-NPs + PSDT (F); statistical results of three repeated experiments (G). The apoptotic 
nuclear and cell membrane integrity changes of MH7A cells under different treatments, as detected by HO/PI double staining using fluorescence microscopy with the same 
conditions (H). Scale bar is 50 µm. The data are shown as mean ± SD (n=3). ##P,0.01 and ###P,0.001 versus control group. ***P,0.001 between groups.
Abbreviations: ICG, indocyanine green; HO, Hoechst 33342; I-NPs, indocyanine green loaded nanoparticles; ns, no significant difference; OI-NPs, oxygen and indocyanine 
green loaded nanoparticles; PI, propidium iodide; PSDT, photodynamic and sonodynamic combination therapy; SD, standard deviation.

alone groups displayed circular nuclei; the chromatin was 

uniformly stained on HO with blue fluorescence and almost 

no PI red fluorescence, indicating no cell damage occurred. 

There was a small number of light and brighter red stained 

cells in ICG-mediated PSDT group, showing part of the 

cells was damaged. I-NP– or OI-NP–mediated PSDT group 

significantly increased HO and PI staining, indicating the 

typical apoptosis characteristics such as formation of frag-

ment, deformed nuclei, unclear aggregates, and impairment 

in membrane integrity.

Discussion
Striking progress has been achieved in the management of RA 

in the last decades. However, some patients do not respond 

well to the therapeutics presently available, and some of 

these cases with destruction of joints are considered for syn-

ovectomy to prevent further damage of vital joint structures. 

PSDT is proposed in this study for the enhanced effects and 

reduced adverse reaction. Our results show for the first time 

that OI-NP–mediated PSDT is a new and promising method 

for killing RA synoviocytes in vitro, and ROS production is 

one of the underlying mechanisms in the process.

In this study, the OI-NPs were assembled with ICG, 

oxygen, PFP, and PLGA by a modified double emulsion 

method. The prepared NPs have many unique advantages: 

1) Biosafety: both PLGA and ICG are Food and Drug Admin-

istration approved and have been clinically used in biological 

and medical applications. Besides, PFC has long been used 

as an artificial O
2
 carrier in clinical practice.43 2) Stability: 

the stability of ICG was notably improved after it was loaded 

into PLGA NPs, therefore exerting long-lasting antiarthritis 

effect. 3) Synergistic effect: after irritated by near-infrared 

laser, the liquid PFP caused droplet-to-bubble transition 

and the NPs converted to microbubbles, while exerting 
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photodynamic action. The microbubbles were ruptured when 

exposed to low-intensity focused insonation and caused 

cavitation, while releasing oxygen and ICG and generating 

sonodynamic reaction. Our results demonstrated that the laser 

and ultrasound pulses effectively introduced PFP phase shift, 

ruptured, and effectively released oxygen (data are not shown). 

The effect of PDT and SDT combination therapy is coincident 

with previous reports, except that in our study, the process was 

activated in sequence by light and ultrasound.14,16

The cellular uptake and intracellular distribution of 

sensitizers is potentially important for PDT and SDT. So, 

we determined the uptake ability of MH7A cells for free 

ICG and OI-NPs. The results showed that cellular uptake 

of the ICG was 35% higher in the OI-NPs group than that 

in the free ICG group (Figure 4), which may be due to the 

easier cellular internalization of the ICG loaded in OI-NPs 

by endocytosis pathway.

The cytotoxic effect of OI-NP–mediated PSDT on MH7A 

cells was determined by MTT assay. The results showed 

that PSDT alone and blank NP-mediated PSDT group had 

no obvious cytotoxic effect on MH7A cells, indicating that 

blank NPs could not produce ROS or phase transition without 

ICG, even under laser and ultrasound exposure. But there 

was a significant increase in PSDT-mediated cytotoxicity 

for I-NPs or OI-NPs compared with free ICG group, which 

may be directly attributed to the enhanced cellular uptake 

of sensitizers. However, there was no significant difference 

between I-NP–mediated PSDT and OI-NP–mediated PSDT 

groups, though the ROS production in cell-free system was 

significantly different between the two groups (Figure 3B, 

P,0.05). The reason may be that MH7A cells were in a 

normal oxygen environment in the present study and the 

normoxic condition could provide sufficient oxygen that 

PSDT needed. Our follow-up experiment will further inves-

tigate the therapeutic effect of the two NPs-mediated PSDT 

in hypoxic environment.

Apoptosis is one of the major modes of cell death and 

can be induced in PDT or SDT process.16 Many morpho-

logic characteristics related to apoptosis, including cell 

shrinkage, nuclear chromatin condensation, and DNA frag-

mentation, have been defined clearly. To confirm whether 

cell apoptosis was induced, flow cytometry and HO/PI 

double staining were performed in our study. Figure 7A–G 

displays a significant increase in apoptotic cell popula-

tions after I-NP– or OI-NP–mediated PSDT, compared 

with other groups. Besides, Figure 7H shows the typical 

apoptotic morphologic changes of nucleus in I-NP- or OI-

NPs-mediated PSDT group. Both the flow cytometry and 

the HO/PI double staining results suggest that the I-NP– or 

OI-NP–mediated PSDT treatment aggravates apoptosis 

compared to other groups.

Although the underlying mechanism involved in SDT is 

quite complex and unclear, many investigations have demon-

strated that increased ROS production may play an important 

role in this process, just like in PDT. Mass ROS production 

can induce significant oxidative damage, which destabilizes 

the cell membrane system by lipid peroxidation and activates 

the signaling pathways that regulate cell apoptosis. So, we 

further determined intracellular ROS generation in cell-free 

system and in MH7A cells after different treatments. Our 

results indicated that OI-NP–mediated PSDT could generate 

both superoxide and hydroxyl radicals (DCFH-DA as the 

probe in MH7A cells) and singlet oxygen (SOSG as the probe 

in cell-free system). What is more, the results indicated ROS 

generation in MH7A cells was significantly increased in the 

I-NP– or OI-NP–mediated PSDT group than that in free ICG-

mediated PSDT group (P,0.001), which may also be due to 

the increase in uptake of I-NPs or OI-NPs by MH7A cells. In 

addition, co-administration with NAC, a scavenger of ROS, 

significantly relieved the cell cytotoxic effect of MH7A cells 

induced by PSDT, suggesting ROS production may play a 

crucial role in OI-NP–mediated PSDT. These results suggest 

an oxidative stress mechanism may be involved in response to 

OI-NP–mediated PSDT in MH7A cells. However, blocking 

the ROS could not completely eliminate the cytotoxic effect 

in MH7A cells, which may be due to the additional mechani-

cal damage effects during the phase transition and rupture of 

NPs or other unclear mechanisms involved.

Conclusion
In this study, we have successfully developed stable and 

synergistic OI-NPs as a favorable sensitizer and oxygen 

carrier for PSDT, and further study evaluated the therapeutic 

potential of OI-NP–mediated PSDT on RA-FLSs of MH7A 

cells. The results suggested that OI-NP–mediated PSDT 

could cause serious cell damage and evident cell apoptosis, 

and the potential mechanism of OI-NP–mediated PSDT may 

stem from the greater accumulation of ICG from OI-NPs 

by MH7A cells and increased intracellular ROS generation. 

This study may provide a new strategy for the treatment of 

RA and develop a model of theranostic application through 

phase-transition NP-mediated PSDT in the future.
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