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Abstract: Nanomedicine can improve the traditional disease treatment by actively targeting and 

enhancing the controlled release of drugs in the focus tissue in vivo, moreover the integration of 

diagnosis and treatment can be achieved by using tracer molecules to indicate the accumulation of 

nanodrugs in the focus. However， almost all chemotherapeutic drugs and gene drugs failed to 

effectively treat glioblastoma (GBM) on account of the existence of blood-brain barrier (BBB) which 

play a role in GBM. So far, the survival rate of  patients with GBM has been hardly improved. In the 

present study, we constructed an integrated nanoprobe based on albumin nanoparticles (NPs) for targeted 

diagnosis and treatment of GBM. The nanoprobe consists of albumin-coated superparamagnetic iron 

oxide (SPIO), Carmustine (BCNU) and indocyanine green (ICG) to achieve bimodal imaging and drug 

delivery. And the surface-coupled Angopep-2 (ANG, TFFYGGSRGKRNNFKTEEY) polypeptide can 

specifically bind to low density lipoprotein receptor-related protein (LRP), which is overexpressed in 

BBB and GBM cells. 

In the in vitro experiments, we verified that the targeting ability of nanoprobes to GBM cells was 

significantly better than that of the control group. In addition, in the in vivo experiments, nanoprobes 

significantly increased the accumulation of brain tumors compared with the control group. Cell killing of 

GBM cells (U87MG) with ANG-BSA/BCNU/ICG magnetic NPs shows a higher inhibitory effect 

compared with controls. This novel targeting imaging and drug delivery system provides an efficient 

strategy for targeted therapy and intraoperative localization of GBM.  
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1. INTRODUCTION 

Blood-brain barrier (BBB) can not only prevent harmful substances from invading the brain, but also 

shut out drugs. [1]As the main challenge of chemotherapeutic drug delivery, how to cross the BBB 

efficiently and safely is the key point of nanomaterials targeted therapy strategy.[2, 3] Glioblastoma 

(GBM) is one of the most common and invasive brain tumors, and even with the most effective surgical 

treatment, the median overall survival (OS) of patients with GBM remains less than 15 months. [4, 5]In 

addition, due to the  characteristics of heterogeneity and invasiveness of GBM, it is difficult to 

completely resect the tumor tissues, thus making GBM be prone to recurrence and failing to be cured. 

[6]In order to achieve preoperative diagnosis and intraoperative positioning, there is an urgent need for 

the investigation of a relatively safe neurotumor targeted imaging probes.  
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Carmustine (BCNU) is a small molecule drug with good lipid solubility, which is widely used in the 

treatment of glioma due to its excellent permeability across the blood-brain barrier. [7-9]However, a 

short elimination half-life and poor selectivity increase the frequency of systemic administration and lead 

to severe adverse reactions, including hepatotoxicity, myrow-suppression, and pulmonary fibrosis. 

[10]Novel delivery methods bypassing the BBB have been underwent ongoing researches. [11]For 

instance, polymerically delivered BCNU functions in the treatment of GBM; [12]brain targeted delivery 

of BCNU by nanoparticles modified with tamoxifen and lactoferrin exerts antiproliferative effects in 

GBM; [13]targeted delivery of etoposide, BCNU and doxorubicin using nanoparticles to human GBM 

cells inhibits GBM growth in the brain. [14] 

The skeleton used in drug nano-delivery system is mainly composed of two kinds of materials, 

namely natural polymer and synthetic polymer. [15]As for natural polymers, especially albumin, which 

have unique physical and chemical properties, they are general protein carriers for drug targeting and 

improving the pharmacokinetic properties of peptides or protein drugs. [16]Furthermore, albumin is a 

polymer of amino acids connected by peptide bonds, which is beneficial to the embedding and loading of 

drugs. [17, 18]The application of albumin in transporting drugs can improve their biodegradability and 

stability, resulting in the slow release and absorption of tumors and inflammatory tissues. [19, 

20]Moreover, many lysine residues promote the chemical coupling and modification of albumin. 

[21]These above characteristics of albumin suggest that albumin can transport therapeutic drugs and 

achieve tumor targeting at the same time. [22]Therefore, we prepared BCNU loaded albumin NPs as a 

drug carrier to enhance its anti-tumor effect in GBM.  

As for synthetic polymer, superparamagnetism iron oxide (SPIO) is a widely used and relatively 

safe magnetic resonance T2 contrast agent, [23, 24]which exerts a short half-life in vivo, and is easy to be 

absorbed by reticuloendothelial cells and cleared by macrophages. [25]Indocyanine green (ICG) is a near 

infrared dye approved by FDA for clinical use. [26]It can be used for not only near infrared fluorescence 

imaging, but also converting the absorbed light energy into ROS and heat energy to realize photothermal 

therapy and photodynamic therapy, respectively.[27, 28] The high tissue penetration depth of near 

infrared fluorescence imaging and the high resolution of magnetic resonance imaging are of great 

significance to realize the accurate localization of the tumor before operation and the objective definition 

of the tumor edge during the operation, consequently, they help to guide the surgical resection of the 

tumor.[29, 30] 

Angiopep-2 (ANG, TFFYGGSRGKRNNFKTEEY) polypeptide can specifically bind to low 

density lipoprotein receptor-related protein (LRP), which is overexpressed in BBB and GBM cells. 

[31]Accordingly, in this study, we constructed bovine serum albumin (BSA) NPs (ANG-

BSA/BCNU/ICG MNPs) containing SPIO, BCNU and ICG coupled ANG. [31, 32]The in vitro and in 

vivo MRI/FL dual mode imaging of GBM were systematically evaluated in order to reflect the 

penetration ability of BBB and tumor-specific targeting effect. Meanwhile, we evaluated the ability of 

ANG-BSA/BCNU/ICG MNPs in inhibiting tumor in comparison with control group by conduction of 

experiments in vitro and in vivo.[33, 34] 

 

2. MATERIALS AND METHODS 

2.1 Materials 

Iron (III) acetylacetonate, anhydrous benzyl alcohol, glutaric dyaldehyde, 2-(N-Morpholino) 

ethanesulfonic acid hydrate(MES), N-(3-dimethylamino-propyl)-N’-ethylcarbodiimide hydrochloride 

(EDC), N-hydroxysuccinimide (NHS) were purchased from Aladdin Shanghai Reagent (China). BSA 



 

and ICG were acquired from Sigma-Aldrich (USA). Ethanol, chloroform and other solvents were 

obtained from Sinopharm Chemical Reagent (China). BCNU was purchased from Shanghai Yuanye Bio-

Technology (China). ANG peptide (TFFYGGSRGKRNNFKTEEY) was synthesized by Shanghai 

Qiangyao Bio-Technology (China). 

 

2.2 Synthesis of ANG-BSA/BCNU/ICG MNPs 

In brief, 5% (w/v) iron (III) acetylacetonate solution was first prepared with anhydrous benzyl alcohol, 

thereafter, heated to 110℃ for 1 h by a programmed temperature control equipment, afterwards, heated 

to reflux temperature and refluxed for 40 h under nitrogen atmosphere. And 40 h later, the 

aforementioned solution was cooled, while the SPIO NPs were precipitated with acetone, washed 

thoroughly with acetone and dried. 

ANG-BSA/BCNU/ICG MNPs were prepared by a desolvation cross-linking method. Firstly, BSA 

(50 mg), SPIO NPs (10 mg), and ICG (0.5 mg) were dissolved in 10 mL of deionized water. The pH was 

adjusted to 9.0 after bath-ultrasonic dispersion. Anhydrous alcohol (50 mL) containing BCNU (0.5 mg) 

was dropwise added to the solution, followed by stirring at room temperature until a precipitate appeared. 

Secondly, 25% (w/v) glutaraldehyde (25 μL) solution was added to cross-link the amino groups of BSA, 

thus forming the nanoparticles, which was performed during stirring at room temperature for 12-24 h. 

Finally, the mixture was centrifuged at 20,000 rpm/min for 30 min to remove nonencapsulated SPIO NPs, 

ICG, BCNU and organic solvents, followed by washing 3-5 times with deionized water. The solution was 

redispersed in 5 mL of MES buffer (0.02M, pH 6.5). BSA/BCNU/ICG MNPs were coupled with ANG 

peptide using the carbon diamine method. Briefly, 8 µL of EDC solution (10 mg/mL in deionized water) 

and 10 µL of NHS solution (10 mg/mL in deionized water) were added to 1 mL BSA/BCNU/ICG MNPs 

solution (10 mg/mL) for activating carboxylic groups. After 25 min incubation, the solution of ANG (0.1 

mL, 10 mg/mL) was added to the activated solution and the mixture was incubated for 2 h at room 

temperature, then transferred to incubation at 4℃ overnight. To remove uncoupled ANG, the mixture 

was centrifuged at 10,000 rpm/min using ultrafiltration tube (MWCO 30kD) by washing 3 times with 

deionized water. The supernatant, as the final ANG-BSA/BCNU/ICG MNPs, was collected and 

redispersed in 5 mL deionized water for further use. 

 

2.3 Characterization of ANG-BSA/BCNU/ICG MNPs 

2.3.1 Assessment of morphology by transmission electron microscopy (TEM) 

The ANG-BSA/BCNU/ICG MNPs sample was diluted to a suitable concentration and redispersed in a 

bath-ultrasonic for 5 minutes before dripping onto a copper net with carbon support film, which was 

prepared for the visualization of sample morphology using a TEM (Hitachi, JEM-2100, Japan). 

 

2.3.2 Dynamic light scattering analysis 

The hydrodynamic size and surface Zeta potential of ANG-BSA/BCNU/ICG MNPs were assessed by 

dynamic light scattering (Malvern, ZS90, UN). The hydrodynamic size and surface Zeta potential, 

whose assessment was an assistant verification method to evaluate whether ANG was conjugated to the 

BSA/BCNU/ICG MNPs, were analyzed within 24 h in PBS buffer (0.01 M, pH 7.4) to reflect the 

stability of the nanoprobes. 

 



 

2.3.3 Fluorescent spectroscopy analysis 

The fluorescence intensity of the nanoprobes was assessed by fluorescence spectrometer to evaluate the 

near infrared fluorescence imaging performance. The emission peak spectra within 800-900 nm were 

obtained by setting the excitation at 750 nm wavelength. 

 

2.3.4 Drug encapsulation efficiency, loading content and cumulative drug release 

Drug encapsulation efficiency was measured by a HPLC (Waters, Alliance 2695, USA) and detected at 

230 nm. Firstly, 0.5 mL of ANG-BSA/BCNU/ICG MNPs was dispersed into 4.5 mL of 0.5% pepsin 

aqueous solution and digested for 5 h at 37°C. Secondly, the permeation was collected after centrifuging 

for 10 min at 8,000 rpm using ultrafiltration tube (MWCO 30 kD) and detected at 230 nm by HPLC 

(Waters). At last, the entrapment efficiency and loading content of BCNU were calculated by the formula 

as listed: entrapment efficiency (Ee, %)=(1-Wt/WP)x100%; loading content (LC, %)=Mp/Mtx100%, 

where Wt and WP represented the total weight of BCNU used in the fabrication and the weight of BCNU 

in the permeation, respectively; in addition, Mp and Mt stood for the actual amount of BCNU 

encapsulated in NPs and total amount of NPs, respectively. 

BCNU, which was released from the albumin NPs in PBS with two different pH values (pH 5.5 and 

7.4) at 37°C, was evaluated using the dynamic dialysis method. A sample (1 mL) was placed in a dialysis 

bag (3-5 KD), which was then immersed in a 50 mL centrifuge tube containing 50 mL of PBS, being 

placed in a horizontal shaking incubator at the temperature of 37°C and shook at the speed of 120 

rpm/min. Afterwards, the above 1 mL sample was removed from the centrifuge tube and replaced with 1 

mL of fresh buffer at regular time intervals. The BCNU concentration in each sample was quantified by 

HPLC (Waters) at 230 nm. The cumulative release rate, CR (%), was calculated with the formula as 

follows: CR=[(50Cn+ΣCn−1)]/W0×100%, where Cn and Cn−1 were the corresponding drug 

concentrations in the released solution at the nth and (n-1)th sampling times, while W0 was total amount 

of BCNU encapsulated in NPs in dialysis bag, respectively. 

 

2.3.5 Cells viability assay 

Human primary GBM cell line U87MG and 293T cells which were purchased from the Cell Bank of 

Type Culture Collection of Chinese Academy of Sciences (Shanghai, China) were incubated in 

Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, Waltham, MA) containing 
10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 100 U/ml penicillin/streptomycin 

(Invitrogen; Thermo Fisher Scientific) in a humidified incubator with 5% CO2 at 37°C. As for the 

detection of cell viability, cells were seeded in 96-well plates (5 × 10
3 
per well) and then incubated with 

BSA/BCNU/ICG MNPs and ANG-BSA/BCNU/ICG MNPs at different concentrations (0, 50, 100, 150 

and 200 ng/mL) for 48 h. The growth inhibition rate of each agent was evaluated by MTT assays. The 

optical density (OD) was measured using a multifunctional microplate reader (PerkinElmer, MA, USA) 

at a wavelength of 490 nm. Cell viability was calculated as the following formula: Cell viability (%) = 

OD of sample/OD of control × 100%. 

 

2.3.6 Targeting performance of ANG-BSA/BCNU/ICG MNPs 

When U87MG and 293T cells reached 80% confluences, ANG-BSA/ ICG MNPs and BSA/ ICG MNPs 

were added into cells for 4 h incubation. After washing with PBS, the harvested cells were stained using 



 

Hoechst Kit. Images were captured using a confocal laser scanning microscope system (Leica, TCS SP8, 

Germany). For in vitro MRI imaging, partial harvested cells were resuspended in 1% agarose. T2 

relaxation times were calculated using a T2-multi-echos pulse sequence with TR = 3000 ms, TE = 22–
352 ms (16TE), FOV = 100× 120 mm2, data ma-trix = 280 × 216, slice thickness = 5 mm, slice gap = 1 

mm. 

 

2.3.7 Animal model 

Male adult orthotopic GBM nude mice weighting 18–22 g were purchased from YunQiao Biological 

Technology Co., Ltd. (Nanjing, China). All animal experiments were approved and conducted according 

to the principles of the Institutional Animal Care Committee from Shenzhen Second People's Hospital. 

 

2.3.8 In vivo fluorescence Imaging 

For in vivo imaging, orthotopic GBM nude mice were randomly divided into two groups (n = 3), 

afterwards, ANG-BSA/BCNU/ICG MNPs and BSA/BCNU/ICG MNPs were injected into each mouse of 

the corresponding group through a lateral tail vein, respectively. Images were acquired before injection 

and at 0.5, 6, 12, 24 and 48 h after injection, respectively. For optical imaging, an IVIS Imaging 

Spectrum System (PerkinElmer) was applied with an excitation and emission wavelength at 797 and 835 

nm, respectively. 

 

2.3.9 In vivo MRI Imaging 

As a supplement, in vivo MRI imaging was carried out, combined with fluorescence imaging to prove 

the targeting performance of ANG-BSA/BCNU/ICG MNPs. Orthotopic GBM nude mice were randomly 

divided into three groups: PBS；BSA/BCNU/ICG MNPs and ANG-BSA/BCNU/ICG MNPs. The above 

groups were injected into each mouse through tail vein, and MRI examination was performed 12 h after 

administration. 

 

2.3.10 Statistical analysis 

All in vitro experiments were performed in triplicates. Quantitative results were recorded as mean ± 

standard deviation (SD) of the triplicates or the animal treatment group. One-way analysis of variance 

(ANOVA) or two-tailed independent t-test was performed to evaluate the differences between different 

groups. P-value<0.05 represented a statistically significant difference. 

 

3. Results 

3.1 Characterization of ANG-BSA/BCNU/ICG MNPs 

The morphologies, hydrodynamic size and dispersion of ANG-BSA/BCNU/ICG MNPs were measured 

by TEM and dynamic light scattering, respectively. As shown in Figure 1A, the ANG-BSA/BCNU/ICG 

MNPs exhibited a well-defined spherical shape with the size of 85 nm±10 nm, and the average 

hydrodynamic diameter was 121 nm±4.6 nm (Figure 1B). There were little changes in the hydrodynamic 

size and surface Zeta potential within 1 week, and the NPs were well dispersed in biological medium 



 

(Figure 1C), which indicated that ANG-BSA/BCNU/ICG MNPs possessed an excellent long-term 

colloidal stability. In addition, ANG-BSA/BCNU/ICG MNPs showed a limited variation in 

hydrodynamic size after 3 weeks of storage in PBS buffer at 4°C, indicating an excellent stability in 

aqueous medium (data were not shown). The measurement by vibrating sample magnetometer showed 

ANG-BSA/BCNU/ICG MNPs had good magnetic properties, the saturation magnetization reached 

16.3emu/g, and the hysteresis curve indicated that the NPs had superparamagnetism (Figure 1D). 

 

Fig. 1. Characterization of ANG-BSA/BCNU/ICG MNPs presented by transmission electron microscopy 

and dynamic light scattering. (A) Morphology of ANG-BSA/BCNU/ICG MNPs exerted by transmission 

electron microscopy. (B) Analysis of hydrodynamic size exhibited by dynamic light scattering. The size 

ranged from 100 nm to 132 nm. (C) The stability evaluation of ANG-BSA/BCNU/ICG MNPs exhibited 

by dynamic light scattering. (D) The magnetic properties of ANG-BSA/BCNU/ICG MNPs tested by 

vibrating sample magnetometer. 

 

3.2 Drug encapsulation efficiency and in vitro release 

BCNU-loading efficiency was detected by HPLC. The loading content was 30 μg BCNU/mg of Albumin 
MNPs and the efficiency was about 15%, which showed that ANG-BSA/BCNU/ICG MNPs held an 

adequate amount of BCNU. Figure 2 demonstrated the release profile of BCNU from ANG-

BSA/BCNU/ICG MNPs at pH 7.4 (blood plasma) and pH 5.5 (tumor micro environment), which 

increased gradually as time went on; especially at 118 h after injection, the release rate was as high as 

44.84% and 63.22% at pH 7.4 and pH 5.5, respectively,. 



 

 

Fig. 2. The in vitro release profile of BCNU from ANG-BSA/BCNU/ICG MNPs. The release of BCNU 

from ANG-BSA/BCNU/ICG MNPs at pH 7.4 and pH 5.5 increased in a time-dependent manner. 

 

3.3 Effect of albumin NPs on cell viability of U87MG and 293T cells  

In vitro antitumor activity of BCNU, non-target NPs (BSA/BCNU/ICG MNPs) and target NPs (ANG-

BSA/BCNU/ICG MNPs) were assessed in U87MG and 293T cells, respectively. In U87MG cells, no 

significant difference of cell viability was observed between BCNU and BSA/BCNU/ICG MNPs, while 

the cell viability was predominantly decreased in ANG-BSA/BCNU/ICG MNPs group in comparison 

with BSA/BCNU/ICG MNPs group or BCNU group; moreover, the cell viability was reduced by BCNU, 

BSA/BCNU/ICG MNPs and ANG-BSA/BCNU/ICG MNPs in a dose-dependent manner (Figure 3A). 

Whereas, in 293T cells, there was no significant difference of cell viability among BCNU, 

BSA/BCNU/ICG MNPs and ANG-BSA/BCNU/ICG MNPs group; and the cell viability was also 

reduced by BCNU, BSA/BCNU/ICG MNPs and ANG-BSA/BCNU/ICG MNPs in a dose-dependent 

manner (Figure 3B).  

 

Fig. 3. Effect of albumin NPs on the cell viability of and 293T cells (A) and U87MG cells (B), which 

was assessed by MTT assays. 

 

As shown in Table 1, there was no significant difference of IC50 between BCNU and 

BSA/BCNU/ICG MNPs in U87MG cells or 293T cells, while there was significantly lower IC50 in ANG-

BSA/BCNU/ICG MNPs group (one-third at 48 h)when compared with BSA/BCNU/ICG MNPs group or 

BCNU group in U87MG cellsbut not 293T cells. Taken together, these aforementioned results 



 

demonstrated a higher antitumor activity of ANG-BSA/BCNU/ICG MNPs on GBM compared with 

BSA/BCNU/ICG MNPs or BCNU. 

 

 

 

 

 

 

 

Table 1. IC50 of cells with different treatments by MTT viability assays. 

Cell Treatment IC50 (ng/mL)-48h 

293T Carmustine 412 

 BSA/BCNU/ICG MNPs 432 
n.s

 

 ANG-BSA/BCNU/ICG MNPs 421 
n.s

 

U87MG Carmustine 301 

 BSA/BCNU/ICG MNPs 315
 n.s

 

 ANG-BSA/BCNU/ICG MNPs 98
##，**

 

n.s, no significant difference, BSA/BCNU/ICG MNPs versus BCNU, ANG-BSA/BCNU/ICG MNPs 

versus BSA/BCNU/ICG MNPs; ## p <0.01 ANG-BSA/BCNU/ICG MNPs versus BCNU，**p <0.01, 

ANG-BSA/BCNU/ICG MNPs versus BSA/BCNU/ICG MNPs. 

 

3.4 Targeting performance of ANG-BSA/BCNU/ICG MNPs 

The targeting performance of ANG-BSA/BCNU/ICG MNPs was assessed in U87MG cells and 293T 

cells by using confocal laser scanning microscopy and MRI. In U87MG cells, the red fluorescent signal 

was stronger in ANG-BSA/BCNU/ICG MNPs group compared with that of BSA/BCNU/ICG MNPs 

group. However, there was nearly no red fluorescent signal observed in 293T cells which were treated 

with BSA/BCNU/ICG MNPs or ANG-BSA/BCNU/ICG MNPs (Figure 4). In addition, we incubated 

different concentrations of NPs with 293T and U87MG cells, then collected the treated cells for MRI 

detection. And the MRI image showed the similar results with fluorescent signal (Figure 5). 



 

 

Fig. 4. In vitro targeting test of ANG-BSA/BCNU/ICG MNPs by confocal laser microscope (ex/em = 

795/835 nm, scale bar = 50 μm) 

 

 

Fig. 5. In vitro targeting test of ANG-BSA/BCNU/ICG MNPs by the MRI detection. 

 

3.5 In vivo fluorescence Imaging 

To further validate BBB penetrating, GBM targeting and the NIRF capabilities of ANG-

BSA/BCNU/ICG MNPs, the fluorescence imaging was performed in vivo. Take the fluorescence signals 

at 12 h as an example, they were further presented in BSA/BCNU/ICG MNPs group and ANG-

BSA/BCNU/ICG MNPs group, with significantly higher signals in the latter group compared to the 

former group (Figure 5A). Fluorescence signals of the BSA/BCNU/ICG MNPs group were first detected 

at 6 h post-injection, then gradually decreased and nearly disappeared at 48 h post-injection; while the 

fluorescence signals of ANG-BSA/BCNU/ICG MNPs group were first detected at 30 min post-injection, 

thereafter, peaked at 12 h and remained steady at 48 h post-injection (Figure 5B). In addition, the 

fluorescence signals of ANG-BSA/BCNU/ICG MNPs group were obviously higher than those of 

BSA/BCNU/ICG MNPs group at 12 h and 24 h post-injection. These results indicated that ANG-

BSA/BCNU/ICG MNPs could obviously cross the BBB and promote NIRF ability.  

 



 

 Fig. 6. In vivo fluorescence imaging of orthotopic GBM nude mice after intravenously injection of 1.5 

mg BCNU-equiv./kg body weight. (A) NIRF images at 12 h post-injection. (B) Head imaging of mice 

from 0.5 h to 48 h. 

 

3.6 In vivo MRI Imaging 

Consistent with the results of fluorescence targeting imaging, the ANG-BSA/BCNU/ICG MNPs group 

showed significant negative enhancement in the brain tumor area, while BSA/BCNU/ICG MNPs showed 

a relatively small amount of SPIO signals, and these signals did not appear in PBS group. The results 

showed that ANG-BSA/BCNU/ICGMNPs had a strong targeting imaging ability for glioma, and could 

clearly display the early size and boundary of the tumor, while loading BCNU did not affect the ability of 

targeted MRI imaging. It is suggested that ANG-BSA/BCNU/ICGMNPs is helpful for early diagnosis 

and accurate evaluation of glioma. 

 

 



 

 

Fig. 7. In vivo MRI imaging of orthotopic GBM nude mice after intravenously injection of 11.2 mg 

SPIO-equiv./kg body weight. 

 

4. Discussion 

As acknowledged, the effective treatment of GBM is one of the most difficult challenges in oncology. 

[6]Despite temozommide (TMZ) combined with radiation is the current contemporary standard of care 

for GBM, [4]the median OS of patients with GBM is no more than 15 months, which has not been 

prolonged significantly in the recent 30 years. [5]Therefore, it is of great significance to explore a novel 

chemotherapeutic drug delivery system with high efficiency and low toxicity for the treatment of GBM.  

Nanomedicine can improve the traditional disease treatment by actively targeting and enhancing the 

controlled release of drugs in the focus tissue in vivo, moreover the integration of diagnosis and 

treatment can be achieved by using tracer molecules to indicate the accumulation of nanodrugs in the 

focus. The dual-targeting strategy is expected to accurately transfer drugs or genes to brain tumors, which 

has shown an advantage over the current tumor or brain targeting strategies and is worthy of further study. 

 

Functionalized albumin NPs, which acts as targeting carrier in this study, had been proved to exhibit 

numerous advantages, for instance, good biocompatibility, [35]selective toxicity against tumors16, 

[36]slight side effects [4, 36] and controllable drug release , [37]etc. Multifunctional targeting drug 

delivery system has attracted noticeable attention due to its characteristics of dual therapeutic and 

diagnostic functions. [38]Accordingly, in the current study, we successfully constructed a multifunctional 

therapeutic nanoplatform by integrating BCNU, ICG and magnetic nanoparticles, together with 

angiopep-2 modification for achieving NIRF/MR bimodal imaging and therapy for GBM. 

 

Angiopep-2 has been used as a ligand for brain targeting delivery or dual-targeting to GBM on 

account of its high binding efficiency to LRP receptor, which is over-expressed in the BBB and GBM 

cells.[39-41] Consistent with the previous studies, the results from the in vitro and in vivo fluorescence 

imaging and MRI imaging had also demonstrated the targeting capability of angiopep-2 in the present 

work. 

 

Meanwhile, we demonstrated that ANG-BSA/BCNU/ICG MNPs presented good biocompatibility, 

great colloidal stability, excellent BBB penetration ability and targeting specificity to GBM cells, which 

were in line with the reports about the functions of albumin NPs in anti-tumor previously. [35-37]We 



 

also indicated that ANG-BSA/BCNU/ICG MNPs exhibited stronger inhibitory effects on GBM cell 

growth than BSA/BCNU/ICG MNPs or BCNU, which were consistent with the studies about the effects 

of albumin NPs in inhibiting GBM growth. [42-44]  

 

Collectively, in this study, we developed and characterized a multifunctional ANG-

BSA/BCNU/ICG MNPs and tested its properties in both in vitro and in vivo experimental systems. Taken 

together, these observations suggest a potential value of ANG-BSA/BCNU/ICG MNPs as a theranostic 

nanoplatform for targeted therapy and intraoperative localization of GBM. 

 

5. Conclusion 

We have successfully developed BBB and GBM targeted and BCNU-loaded NPs. Our results 

demonstrate its preferential accumulation in tumor sites by NIRF/MRI in a preclinical model. 

Furthermore, we have demonstrated a superior therapeutic activity of these NPs against GBM. Overall, 

ANG-BSA/BCNU/ICG MNPs present a promising potential in multifunctional therapy of GBM, and we 

anticipate that this nanoplatform will be a perfect candidate in GBM theranostic. 
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Figures

Figure 1

Characterization of ANG-BSA/BCNU/ICG MNPs presented by transmission electron microscopy and
dynamic light scattering. (A) Morphology of ANG-BSA/BCNU/ICG MNPs exerted by transmission electron
microscopy. (B) Analysis of hydrodynamic size exhibited by dynamic light scattering. The size ranged
from 100 nm to 132 nm. (C) The stability evaluation of ANG-BSA/BCNU/ICG MNPs exhibited by dynamic
light scattering. (D) The magnetic properties of ANG-BSA/BCNU/ICG MNPs tested by vibrating sample
magnetometer.



Figure 2

The in vitro release pro�le of BCNU from ANG-BSA/BCNU/ICG MNPs. The release of BCNU from ANG-
BSA/BCNU/ICG MNPs at pH 7.4 and pH 5.5 increased in a time-dependent manner.

Figure 3

Effect of albumin NPs on the cell viability of and 293T cells (A) and U87MG cells (B), which was
assessed by MTT assays.



Figure 4

In vitro targeting test of ANG-BSA/BCNU/ICG MNPs by confocal laser microscope (ex/em = 795/835 nm,
scale bar = 50 μm)

Figure 5

In vitro targeting test of ANG-BSA/BCNU/ICG MNPs by the MRI detection.



Figure 6

In vivo �uorescence imaging of orthotopic GBM nude mice after intravenously injection of 1.5 mg BCNU-
equiv./kg body weight. (A) NIRF images at 12 h post-injection. (B) Head imaging of mice from 0.5 h to 48
h.

Figure 7



In vivo MRI imaging of orthotopic GBM nude mice after intravenously injection of 11.2 mg SPIO-equiv./kg
body weight.


