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Background: The aim of this study was to develop a multifunctional theranostic agent based on
BSA nanoparticles (NPs), which loaded artemisinin (ART) and co-conjugated with indocyanine
green (ICG) and arginine-glycine-aspartic acid (RGD) peptide (RGD-indocyanine green-Bovine
Serum Albumin- artemisinin [[BA] NPs).

Materials and methods: The physicochemical parameters of RGD-IBA NPs were character-
ized in terms of the particle size, zeta potential, morphology, entrapment efficiency, drug loading,
in vitro release behavior, photothermal and photodynamic effect, and in vitro anticancer ability.
In vivo fluorescence and thermal imaging as well as antitumor studies were also evaluated.
Results: The tumor chemotherapeutic effects of ART and the ability of fluorescence imaging,
hyperthermia generation and reactive oxygen species production of ICG and tumor-targeting RGD
were integrated to achieve RGD-IBA NPs for imaging-guided tumor-targeted chemotherapy/
photothermal/photodynamic therapy (chemo-phototherapy). The RGD-IBA NPs showed enhanced
physiological stability and photo-stability compared with free ART and ICG. In addition, they
were temperature-responsive; their sizes increased with increasing temperature between 25°C and
55°C, thereby leading to drug release upon the irradiation with near infrared (NIR) laser. In vivo
fluorescence images of tumor-bearing mice showed that the RGD-IBA NPs could highly and pas-
sively reach the targeted tumor region with maximum accumulation at 24 hours post-intravenous
injection. The in vitro and in vivo results demonstrated that the RGD-IBA NPs not only have good
biocompatibility, but also are highly efficient tumor synergistic chemo-phototherapeutic agents.
Conclusion: Through this study, it was found that RGD-IBA NPs could potentially be a very
promising tumor theranostic agent.

Keywords: artemisinin, indocyanine green, theranostic, imaging-guided tumor therapy, chemo-
phototherapy

Introduction

Cancer is a life threatening disease worldwide, and chemotherapy (CHT) is a current
major treatment for most cancer due to its high efficiency.! However, some shortcom-
ings of CHT in clinical practice have been reported; for example, it easily produces drug
resistance, systemic toxicity and tumor recurrence.”* Consequently, there is an urgent
need to develop chemotherapeutic agent carriers that can achieve simultaneous drug
loading, targeted delivery and controlled release to obtain maximum therapeutic effect
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with minimal side effects to normal tissue.”'° Phototherapy
(PT) such as combined photothermal therapy and photody-
namic therapy (PTT-PDT) is an emerging highly compatible
therapeutic modality.!! This method uses light to trigger
agents, which then cause the generation of hyperthermia or
the production of reactive oxygen species (ROS) that can kill
tumor cells.'?! Since PTT-PDT is an emerging non-invasive
tumor therapeutic strategy, it has attracted increasing atten-
tion. Although PTT-PDT is accompanied by a number of
side effects, which, however, are fewer than conventional
treatments, it has been reported to have a potential risk like
tumor relapse.!* The combination of CHT and PTT-PDT,
which has synergistic effects, has been reported to have a
relatively better tumor therapeutic effect.!>! In addition, the
release of drug on some PTT-PDT agents could be triggered
by light irradiation. This may prolong drug action time, and
therefore enhance the therapeutic effect.!”!8

Currently, endowing the chemo-phototherapeutic agent
with imaging function for diagnostic purpose can allow
real-time monitoring of the behavior of agents in vitro and in
vivo and thus can lead to guided cancer therapy.'** Indocya-
nine green (ICG) is an amphiphilic dye that has been approved
by the US Food and Drug Administration for near infrared
(NIR) clinical fluorescence imaging.?'** Since it has high molar
extinction coefficient at 780-nm wavelength, it possesses high
NIR photothermal conversion abilities. In addition, ICG has
been reported to generate ROS when irradiated with NIR laser,
leading to cell apoptosis.”?* Therefore, [CG has been regarded
as the most suitable theranostic agent that has combined imag-
ing and PPT-PDT functions. Nevertheless, the application of
free ICG is restricted by its limitations, such as high aggrega-
tion ability in aqueous solutions with concentration-dependent
manner, poor photo-stability, lack of specificity and quick
1 = 2—4 minutes).”*’

Artemisinin (ART) is a natural anti-malaria drug.

body clearance (t
28,29
In recent years, it has been reported to have potential anti-
cancer activities against several cancer types, such as liver
cancer, breast cancer and lung cancer.’*** Compared with
traditional anticancer drugs (eg, DOX and PTX), ART
exhibits lower side effects as well as risk of recurrence
and metastasis. However, ART is nearly insoluble, and
therefore cannot easily achieve local treatment. To over-
come these drawbacks, delivery of ICG and ART through
carriers such as nano-graphene oxide, polymers, transition
metal dichalcogenides and protein has been reported to be a
better therapeutic strategy.*> Among these carriers, protein is
regarded as a potential drug carrier due to its high biocompat-

ibility and modifiable surface chemistry, which is safe for
in vivo application.®*

In this work, a multifunctional theranostic agent was
designed and prepared based on BSA nanoparticle (NP), which
loaded ART. This agent was further covalently conjugated
with ICG and tumor-specific moiety, arginine-glycine-aspartic
acid (RGD)-peptide, for imaging-guided chemo-phototherapy
(Figure 1). The prepared RGD-indocyanine green-Bovine
Serum Albumin- artemisinin (IBA)NPs have great biocom-
patibility, water stability, photo-stability and photothermal
effect. Upon NIR laser irradiation, the RGD-IBA NPs could
simultaneously generate hyperthermia and ROS, and thereby
trigger drug release and destroy tumor cells. The monitoring
through in vivo fluorescence imaging showed that the RGD-
IBA NPs could target tumor and accumulate in tumor region
at 24 hours post-intravenous injection. The in vitro and in vivo
results demonstrated that the RGD-IBA NPs had synergistic
anticancer efficacy.

Materials and methods

Materials

ART (purified =98.0%) was obtained from Shanghai Ryon
Biological Technology Co., Ltd, Shanghai, China. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccin-
imide (NHS), ICG and BSA (purified =98.0%) were purchased
from Sigma-Aldrich (Co., St Louis, MO, USA). NH,-PEG, -
RGD was purchased from Shaanxi BEO Biotechnology co.,
Ltd (Xi’an, China). Sulfo ICG-NHS ester was obtained from
Xi’an Ruixi Biotechnology co., Ltd (Xi’an, China). RPMI
1640 cell media, FBS and PBS were obtained from Invitrogen
(Carlsbad, CA, USA). Cell counting kit-8 (CCK-8) was sup-
plied by Dojindo Laboratories (Kumamoto, Japan).

Synthesis and characterization of

RGD-IBA NPs

To incorporate ART into the BSA NPs, the self-assembly
method with a little modification was adopted. In detail,
15 mg ART was dissolved in DMSO and dispersed into
10 mL BSA solution (1 mg/mL, dissolved in distilled water)
with magnetic stirring for 6 hours at 37°C. In total, 300 uL
0.5% glutaraldehyde was then used for cross-linking. After
that, the mixture was dialyzed against distilled water (MW
cut off =12 kDa) for 1 day to purify BSA-ART solution. Next,
sulfo ICG-NHS ester (3 mg) was added into the BSA-ART
solution and stirred for 2 hours to result in ICG-BSA-ART
solution. Then, NH,-PEG, , -RGD (3 mg) was dispersed into
the ICG-BSA-ART solution under the presence of 10 uL
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Note: The schematic of the RGD-IBA NPs, which were applied for tumor theranostics combined with chemotherapy, PTT and PDT.
Abbreviations: ART, artemisinin; BSA, bovine serum albumin; CHT, chemotherapy; FL, fluorescence; ICG, indocyanine green; NIR, near infrared; NPs, nanoparticles;
PDT, photodynamic therapy; PTT, photothermal therapy; RGD, arginine-glycine-aspartic acid; IBA, indocyanine green-Bovine Serum Albumin- artemisinin.

EDC (5 mg/mL) and 15 uL. NHS (20 mg/mL). The mixture
was reacted for 2 hours at 4°C with slight stirring, and puri-
fied by dialysis against distilled water (MW cut off =12 kDa)
for 1 day, resulting in RGD-ICG-BSA-ART NPs (RGD-
IBA NPs). The morphology, size and zeta potential of the
NPs were observed and detected by a transmission electron
microscope (TEM, JEM-100S; JEOL, Tokyo, Japan) and
a dynamic light scattering (DLS) method (BI-9000AT,
Brookhaven, Holtsville, NY, USA), respectively. The amount
ofloaded ART and ICG was detected by UV-vis spectropho-
tometer (UV3100, Shimadzu, Kyoto, Japan) by monitoring
the absorption peak at 290 nm and 780 nm, respectively,
according to the following equation:

initial drug - drug in dialyzate

Loading ratio (%) =

nanoparticles

Cell culture

The human oral epidermal carcinoma KB cells were pur-
chased from Shanghai Institute of Cell Biology (Shanghai,
China) and were incubated in RPMI 1640 medium (11875;
Thermo Fisher Scientific, Waltham, MA, USA) supplemented

with 10% FBS in a humidified atmosphere containing 5%
CO, at 37°C.

Photothermal performance of RGD-IBA

NPs

The photothermal effect of RGD-IBA NPs was evaluated by
detecting the temperature variation of RGD-IBA NPs disper-
sion (0.75 mL) under irradiation of 808 nm laser for 5 minutes
with a power intensity of 1 W/cm?. As control, the tempera-
ture of the PBS, free ICG, RGD-IB NPs with the same ICG
concentration was recorded by an infrared thermal imaging
camera (Ti27; Fluke Corporation, Everett, WA, USA).

In vitro ROS detection

To detect intracellular ROS level for evaluating PDT effect,
the KB cell lines were treated by H,0,, NIR irradiation,
ICG+ NIR, RGD-IBA NPs and RGD-IBA NPs + NIR and
stained with the fluorescent dye, 2’,7’- dichlorofluorescein
diacetate (DCFH-DA). The cells treated by 200 uL H,O,
(50 mM) at 37°C for 30 minutes were set as positive con-
trol. DCFH-DA was first dissolved in DMSO (10 mM) and
then was incubated with the treated cells for 1 hour at 37°C.

Next, the stained cells were washed by PBS three times and
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irradiated under the 808 nm laser (1 W/cm?) for 5 minutes.
A commercial confocal laser scanning microscopy (Zeiss
LSM 700, Oberkochen, Germany) was used to detect ROS
(Ex =488 nm, Em =515-540 nm). In addition, a flow cytom-
eter (Becton Dickinson, San José, CA, USA) was used to
quantitatively measure the intracellular ROS generation.

In vitro cytotoxicity

A classic CCK-8 assay was used to investigate the in vitro
cytotoxicity. In detail, 1x10* KB cells in 100 pL of medium
were seeded into 96-well plates and incubated for 24 hours.
The cells were then treated with PBS, free ICG, free ART,
IBA NPs or RGD-IBA NPs at concentrations of 0, 10, 20, 30,
40 or 50 pg/mL ART for 5 hours. The cells were treated with
or without laser irradiation by 808 nm laser at 1.0 W/cm? for 5
minutes. The temperature of the irradiated cells was recorded
by an infrared thermal imaging camera. After irradiation, the
cells were cultured at 37°C for 24 hours. After that, the cell
viability was measured by the CCK-8 assay and the absor-
bance value of the cells at 450 nm was detected by a microplate
reader (EnVision; PerkinElmer, Waltham, MA, USA).

Animals and tumor model

Female balb/c mice (4-6 weeks old) were obtained from
Charles River Laboratories (Beijing, China). The animals’
experiments were conducted in accordance with the Guidance
Suggestions for the Care and Use of Laboratory Animals.
The procedures were approved by Animal Care and Use
Committee of Binzhou Medical University. To establish
the KB tumor model, 2x10° KB cells were subcutaneously
injected into the flank region of the mice. Tumor volume was
calculated as length x width?/2.

In vivo NIR fluorescence imaging

When the tumor volume reached 100 mm?, free ICG, IBA NPs
and RGD-IBA NPs (10 mg/kg) were intravenously injected
into the tumor-bearing mice, and imaged by a Maestro
in vivo fluorescence imaging system (CRi Inc., Woburn,
MA, USA) with a 704 nm excitation wavelength and 745 nm
filter. The mice were anesthetized with isoflurane and were
imaged at 0, 0.1, 12, 24 and 36 hours post-injection.

In vivo tumor chemo-phototherapy

When the tumors had grown to about 100 mm?, the tumor-
bearing mice were randomly divided into six groups (n=5)
and then were intravenously administered with saline, ART,
IBA NPs and RGD-IBA NPs with or without NIR, respec-
tively. After 24 hours of injection, the tumors of mice were
irradiated by the 808 nm laser (1.0 W/cm?) for 5 minutes.

The temperature changes of the tumor regions during laser
irradiation were monitored by the infrared thermal imaging
camera. The tumor volume and body weight of each mouse
in these treated groups were recorded every 3 days for a
total of 27 days.

In vivo toxicity evaluation

To investigate the toxicity of RGD-IBA NPs in vivo, ten
healthy mice were divided into two groups and intravenously
injected with saline and RGD-IBA NPs (15 mg/kg), respec-
tively. One month after injection, major organs including
heart, liver, spleen, lung and kidney from each mouse were
harvested, fixed in formalin, processed routinely into paraffin,
sectioned, stained with hematoxylin and eosin (HE) and
examined by a digital microscope. Moreover, the whole blood
of the treated mice was collected for blood analysis at 0, first
and 30th day post-injection. The complete blood counts were
measured in Jinan Stomatologic Hospital.

Statistical analysis

Data were shown as mean + SD. Two-tailed Student’s #-test
was used to analyze the statistical significance of two groups.
The differences were considered significant for *P<<0.05 and
highly significant for **P<0.01.

Results and discussion
Preparation and characterization of

RGD-IBA NPs

As shown Figure 2A, the TEM image showed that the
RGD-IBA NPs were uniformly spheres. The DLS analysis
demonstrated that the surface potential and average diameter
of RGD-IBA NPs were —20.51 mV and 141.54 nm, respec-
tively (Figure 2B and C). Furthermore, the average sizes of
RGD-IBA NPs in water, FBS, cell media and PBS showed
no considerable changes over a period of 1 week (Figure 2D),
demonstrating that RGD-IBA NPs have high physiological
stability, most likely due to PEG and BSA encapsulation.*>*¢
The calculation showed that ART and ICG encapsulation
efficiencies were calculated to be about 89.56%12.19% and
71.85%%1.52%, respectively.

The absorption spectra of free ICG and RGD-IBA NPs
with the same ICG concentration are shown in Figure 3A.
The absorbance peak of RGD-IBA NPs was red-shifted by
18 nm from 780 nm to 798 nm, likely due to some self-
aggregation of ICG molecules on the surface of NPs.??
In addition, Figure 3B shows that the fluorescence spectrum
of RGD-IBA NPs is similar to that of free ICG, indicating
that RGD-IBA NPs have fluorescence imaging capability,
which is similar to the capacity of ICG.
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Figure 2 Morphology and stability characterization.

Notes: The (A) TEM image, (B) zeta potential and (C) size distribution of RGD-IBA NPs. (D) The average size change of RGD-IBA NPs in water, FBS, cell media and PBS
for 7 days.

Abbreviations: NPs, nanoparticles; RGD, arginine-glycine-aspartic acid; TEM, transmission electron microscopy.

For photothermal performance, the NPs were irradi- RGD-IB NPs (without ART) was rapidly increased, reach-
ated with 808 nm laser (1.0 W/cm?) for 5 minutes. The ing a peak temperature of 33.9°C, which is higher than the
temperature of PBS (control) was slightly increased. By  temperature of free ICG (24.1°C) (Figure 4A and B). This
contrast, the temperature of RGD-IBA NPs as well as of is likely due to the enhanced ICG stability and the higher
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Figure 3 Spectra characterization.
Note: (A) The absorbance and (B) fluorescence spectra of free ICG and RGD-IBA NPs with the same ICG concentration.
Abbreviations: ART, artemisinin; FL, fluorescence; ICG, indocyanine green; NPs, nanoparticles; RGD, arginine-glycine-aspartic acid.
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for 5 minutes. (C) Temperature change of free ICG and RGD-IBA NPs over five cycles of repeated laser irradiation. (D) The fluorescence intensity change of free ICG and

RGD-IBA NPs in aqueous solution for 21 days.

Abbreviations: ART, artemisinin; FL, fluorescence; ICG, indocyanine green; PTT, photothermal therapy; NPs, nanoparticles; RGD, arginine-glycine-aspartic acid.

absorption of RGD-IBA NPs compared with that of free
ICG at 808 nm.

Figure 4C shows the photothermal stability of RGD-IBA
NPs after five cycles of NIR irradiation. After five cycles
of NIR irradiation, the photothermal stability of RGD-IBA
NPs was unchanged, whereas that of free ICG decreased, as
indicated by the decrease of temperature over the five cycles.
This demonstrates that the RGD-IBA NPs have higher photo-
stability than free ICG, and the photo-stability of free ICG was
enhanced when conjugated with BSA NPs. Figure 4D shows
the fluorescence stability of free ICG and RGD-IBA NPs.
After 21 days of storage, the fluorescence intensity of free
ICG decreased to 3.9% of its original fluorescence intensity
value, while that of RGD-IBA NPs was 75.2% of its initial
value. It is apparent that the fluorescence stability of free
ICG was improved after being conjugated with PEG-BSA.

Temperature-responsive drug release

The releases of ART and ICG in RGD-IBA NPs were evalu-
ated. At pH 7.4, the accumulated release ratios of ART and
ICG after 36 hours were 23.5% and 11.1%, respectively.

Under 5 minutes of NIR irradiation (808 nm, 1 W/cm?),
sudden release of ART, reaching the accumulated release
ratio of 61.5%, was observed after six cycles of NIR irradia-
tion. At the same condition, ICG had the accumulated release
ratio of only 18.4% (Figure 5A). These results indicate that
NIR irradiation-induced local hyperthermia can trigger (with
ON/OFF mode) the release of ART from RGD-IBA NPs.
The release of ICG was hardly temperature sensitive, likely
due to the covalent conjugation between ICG and RGD-IBA
NPs, which is stronger than non-covalent conjugation.’’
To furthermore investigate the mechanism of temperature-
responsive drug release, RGD-IBA NPs were treated with
different temperatures ranging from 25°C to 55°C for
5 minutes. The results showed that the diameter of RGD-
IBA NPs was increased from 35°C to 55°C (Figure 5B).
This indicates that the temperature-responsive drug release
could be through heat-induced expansion of BSA NPs.

ROS production of RGD-IBA NPs

ROS has high cytotoxicity and can kill cancer cells. To inves-
tigate the NIR irradiation-induced ROS generation, KB cells
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Abbreviations: ART, artemisinin; ICG, indocyanine green; NIR, near infrared; NPs, nanoparticles; RGD, arginine-glycine-aspartic acid.

were incubated with H,O, (as a positive control), free ICG
and RGD-IBA NPs (with the same ICG concentration),
with or without 5 minutes of NIR irradiation (1 W/cm?).
As shown in Figure 6A, after being stained by DCFH-DA,
high intensity of green fluorescence signal was detected in
RGD-IBA NPs + NIR-treated cells and H,O,-treated group,
indicating that RGD-IBA NPs + NIR could sufficiently
generate ROS. Conversely, free ICG + NIR-treated group
exhibited negligible intensity of green fluorescence signal,
similarly to the negative control, suggesting that the cellular
uptake of free ICG is low. Similar conclusions can be seen
in Figure 6A, and the statistical results achieved by flow

A

Control NIR

RGD-IBA NPs +

ICG + NIR RGD-IBA NPs NIR

Figure 6 In vitro ROS detection.

cytometry are shown in Figure 6B. Thus, this suggests that
NIR can trigger RGD-IBA NPs to abundantly produce ROS,
which is beneficial for tumor PDT.

In vitro synergistic tumor chemo-
phototherapy

Figure 7A shows the temperature change of KB cells treated
with PBS, ICG, IBA NPs and RGD-IBA NP solutions (with
the same ICG concentration) under NIR irradiation for
5 minutes (1.0 W/cm?). The results indicated that cells treated
with RGD-IBA NPs had the largest temperature increase
(AT=23°C) compared to cells treated with ICG, IBA NPs
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Notes: (A) The fluorescence images of KB cells after different treatments as indicated. Green was the fluorescence signal of ROS indicator DCFH-DA. Scale bar =60 pum.

(B) Quantification of induced ROS intensity achieved by flow cytometry.

Abbreviations: ART, artemisinin; DCFH-DA, dichlorofluorescein diacetate; ICG, indocyanine green; NIR, near infrared; NPs, nanoparticles; RGD, arginine-glycine-aspartic

acid; ROS, reactive oxygen species.
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under NIR irradiation for 5 minutes (1.0 W/cm?). (D) Cell viability of KB cells treated with free ICG with or without 5 minutes NIR irradiation (1.0 W/cm?).
Abbreviations: ART, artemisinin; ICG, indocyanine green; NIR, near infrared; NPs, nanoparticles; PTT, photothermal therapy; RGD, arginine-glycine-aspartic acid.

and PBS due to enhanced internalization effect of RGD-IBA
NPs mediated by RGD-targeted effect.

Classical CCK-8 assay was used to evaluate in vitro
cytotoxicity of the PT. Without laser irradiation, RGD-IB
NPs (RGD-IBA NPs without ART) had no cytotoxicity,
indicating that they, the carriers of ART, have good bio-
compatibility (Figure 7B). On the other hand, with laser
irradiation, the viability of KB cells incubated with RGD-IBA
NPs was significantly decreased with increasing RGD-IBA
NP concentration. Nearly 96.5% of cells incubated with
50 ug/mL RGD-IBA NPs were dead, which is the highest
among that of cells incubated with free ART, PBS + NIR
and IBA NPs + NIR (Figure 7C). As controls, ICG and
ICG + NIR had low effects on cell viability (Figure 7D).

Although free ICG has been reported to produce ROS and
kill cells, its cellular uptake is low. It appears that the effects
of RGD-IBA NPs triggered with NIR irradiation on cell
viability are high because of the synergistic effects.

In vivo NIR fluorescence and thermal
imaging

As shown in Figure 8A, at 0.1 hour post-intravenous injections
of free ICG, IBA NPs and RGD-IBA NPs, strong fluorescence
signal was observed throughout the body of mice. However,
at 24 hours post-intravenous injection, stronger fluorescence
signal was observed only in the tumor region of RGD-IBA
NPs-treated mice. According to the corresponding statistical
results (Figure 8B), the fluorescence signal intensity in the
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Figure 8 In vivo NIR fluorescence and thermal imaging.

Notes: (A) Fluorescence signal was obtained in tumor sites at 10 minutes and 24 hours after intravenous administration of free ICG, IBA NPs and RGD-IBA NPs. (B) The
quantitative analysis of fluorescence intensity in tumor sites at 0 minute, |0 minutes, 12 hours, 24 hours and 36 hours after intravenous administration of free ICG, IBA NPs
and RGD-IBA NPs. (C) The tumor temperature change of tumor-bearing mice after 24 hours of intravenous injection of saline, IBA NPs and RGD-IBA NPs and durations
NIR irradiation (808 nm, | W/cm?). (D) The corresponding thermal images of tumor-bearing mice before and after 5 minutes of irradiation.

Abbreviations: ART, artemisinin; FL, fluorescence; ICG, indocyanine green; NIR, near infrared; NPs, nanoparticles; RGD, arginine-glycine-aspartic acid.

tumor of RGD-IBA NPs-treated group gradually increased
and reached the maximum value at 24 hours after injection;
the maximum value is the highest among the fluorescence
signal in tumor of free ICG- and IBA NPs-treated groups.
The high accumulation of RGD-IBA NPs in tumor is due to
the RGD, which can facilitate the binding of NP to its specific
target, o, 3, integrin receptor, on tumor tissue.**

Based on the fluorescence images, at 24 hours post-
intravenous injections of saline, IBA NPs and RGD-IBA NPs,
the temperature of tumor regions of mice receiving 808 nm
laser irradiation (1 W/cm?) for 5 minutes was recorded using
a thermal imager. As shown in Figure 8C and D, the tumor
temperature of RGD-IBA NPs-treated group was increased
to 20.2°C, which is the highest among all treated groups.
This result further demonstrates that RGD-IBA NPs can

largely accumulate in tumor cells, thereby producing high
and efficient photothermal effects that can be used in tumor
PTT-PDT in vivo.

In vivo synergistic tumor chemo-
phototherapy

To assess the synergistic therapeutic effect of combined
RGD-IBA NPs and CHT/PTT/PDT, the KB tumor-bearing
mice were divided into six groups. As shown in Figure 9A,
the saline- and saline + NIR-treated groups showed unin-
hibited tumor growths. By contrast, ART- and RGD-IBA
NP-treated groups exhibited low tumor growth with some
tumor suppression. With NIR irradiation at 24 hours post-
injection, RGD-IBA NP-treated group exhibited significant
therapeutic effect on the ablation of solid tumor, showing

OncoTargets and Therapy 2018:1 |
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Notes: (A) The tumor growth profile and (B) body weight of KB tumor-bearing mice after intravenous injection of saline, ART, IBA NPs and RGD-IBA NPs with or without
5 minutes of NIR irradiation (808 nm, | W/cm?). The RGD-IBA NPs + NIR group compared with other groups, **P<<0.01. (C) HE-stained tissue sections of major organs,
including the heart, liver, spleen, lung and kidney from mice treated with saline (control) or RGD-IBA NPs at day 30 (magnification: 100x).

Abbreviations: ART, artemisinin; HE, hematoxylin and eosin; ICG, indocyanine green; NIR, near infrared; NPs, nanoparticles; RGD, arginine-glycine-aspartic acid.

complete disappearance of tumor after 27 days of treatment.
The body weight losses recorded throughout the treatment
period of mice in these groups were not obvious (Figure 9B),
implying that the NPs have no obvious acute toxicity. This is
likely due to the combined effects of CHT/PTT/PDT, high
tumor target effect of RGD-IBA NPs and NIR irradiation-
induced ART release, which lead to ROS production and
cause hyperthermia. These results demonstrate that the syn-
ergistic effects of CHT/PTT/PDT based on RGD-IBA NPs
can lead to higher suppression of tumor growth.

In vivo toxicity study

Forlong-term in vivo toxicity study, RGD-IBA NPs (10 mg/kg)
or an equal volume of saline (control) was intravenously
injected into healthy Balb/c mice (n=5). After 30 days,
major organs including lung, heart, liver, spleen and kidney
were harvested and stained with HE dyes. The HE staining
images (Figure 9C) showed that there was no noticeable

organ damage. Meanwhile, whole blood samples of mice
were collected at 0, 1 and 30 days for complete blood counts.
As shown in Figure 10, the results obtained from 1 day or
30 days post-injection were not significantly different from
those from day 0. This demonstrates that RGD-IBA NPs
have excellent biocompatibility in vivo.

Conclusion

In summary, we prepared multifunctional theranostic agent,
RGD-IBA NPs, for imaging-guided synergistic tumor chemo-
phototherapy. The use of NIR irradiation could facilitate
RGD-IBA NPs by simultaneous generation of hyperthermia,
production of ROS and triggering of anticancer drug release.
The stabilities of ART and ICG in aqueous solution were
remarkably improved by conjugation with BSA NPs. With
the fluorescence properties of ICG, the behavior of RGD-IBA
NPs could be monitored by in vivo imaging system in guided
tumor therapy. The in vitro and in vivo results demonstrated
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Notes: (A, B) The complete blood counts of mice at days 0, | and 30 post-injection with RGD-IBA NPs. The complete blood counts, including WBC, RBC, HGB, MPV,

MCH, HCT, MCV, PLT, MCHC.

Abbreviations: HCT, hematocrit; HGB, hemoglobin; MCH, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular
volume; MPV, mean platelet volume; PLT, platelets; RBC, red blood cell; WBC, white blood cell.

that combined CHT/PTT/PDT based on RGD-IBA NPs
had synergistic antitumor effect. Additionally, RGD-IBA
NPs had no obvious cytotoxicity both in vitro and in vivo.
These observations indicate that RGD-IBA NPs can be novel
promising materials for molecular imaging-guided tumor
chemo-phototherapy.
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