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Abstract: For a nanoparticulate drug-delivery system, crucial challenges in brain-glioblastoma 

therapy are its poor penetration and retention in the glioblastoma parenchyma. As a prevailing 

component in the extracellular matrix of many solid tumors, fibrin plays a critical role in the 

maintenance of glioblastoma morphology and glioblastoma cell differentiation and proliferation. 

We developed a new drug-delivery system by conjugating polyethylene glycol–polylactic acid 

nanoparticles (NPs) with cysteine–arginine–glutamic acid–lysine–alanine (CREKA; TNPs), 

a peptide with special affinity for fibrin, to mediate glioblastoma-homing and prolong NP 

retention at the tumor site. In vitro binding tests indicated that CREKA significantly enhanced 

specific binding of NPs with fibrin. In vivo fluorescence imaging of glioblastoma-bearing nude 

mice, ex vivo brain imaging, and glioblastoma distribution demonstrated that TNPs had higher 

accumulation and longer retention in the glioblastoma site over unmodified NPs. Furthermore, 

pharmacodynamic results showed that paclitaxel-loaded TNPs significantly prolonged the median 

survival time of intracranial U87 glioblastoma-bearing nude mice compared with controls, 

Taxol, and NPs. These findings suggested that TNPs were able to target the glioblastoma and 

enhance retention, which is a valuable strategy for tumor therapy.

Keywords: CREKA peptide, nanoparticles, retention effect, paclitaxel, glioblastoma

Introduction
Accounting for about 70% of all malignant gliomas,1 glioblastoma (GBM) is the most 

malignant type of brain tumor in adults,2,3 with median survival time of 15–21 months4,5 

and a 5-year survival rate of lower than 5%,4 despite aggressive treatment. The treat-

ment of GBM continues to be an enormous challenge, even though much remarkable 

advancement has been achieved in the treatment of other tumors. Nanoparticle (NP) 

drug-delivery systems have brought hope to the treatment of GBM, since they have 

shown great potential in drug delivery and have been developed rapidly over the past 

years. For NP drug-delivery systems, crucial challenges in brain GBM therapy are their 

poor penetration and retention in the GBM parenchyma, as GBM is less permeable 

than peripheral solid tumors and rapid NP clearance in tumors hinders the treatment 

of GBM.6

With regard to this issue, many strategies have been presented.7–10 Some researchers 

have designed NPs for blood–brain barrier (BBB) penetration by adjusting the size and 

surface potential of NPs,11–15 and retained them in tumors by enhanced permeability 

and retention (EPR).16 However, there was still a big gap between EPR-dependent 
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results and expectation. In order to achieve higher NP uptake 

in tumor cells, most research has focused on actively target-

ing NPs17,18 that mainly targeted specific receptors on BBB 

and/or GBM cells, as well as those on GMB stroma cells.11 

Unfortunately, the receptor-targeting drug-delivery system 

was not perfect, because the relative expression of those 

commonly used target receptors of BBB or GBM cells was 

not high enough and the GBM-targeting efficiency was still 

moderate, which led to limited treatment effect.11,19,20 For 

instance, as a classic tumor-associated receptor, transferrin-

receptor expression is upregulated in tumor cells only three- 

to fivefold higher than that in normal tissues.19,20 Moreover, 

few studies have focused on NP retention in tumor tissue for 

the improvement of GBM treatment. Therefore, alternative 

therapeutic approaches targeting GBM with high efficiency 

are still urgently needed.

Large amounts of extracellular matrix (ECM) exist in 

GBM, which play a critical role in the maintenance of GBM 

morphology and are closely associated with GBM cell dif-

ferentiation and proliferation.21 As a prevailing part of ECM, 

lots of fibrin is deposited in the tumor matrix due to vascular 

leaky and hemorrhagic vasculature, but no such cross-linked 

fibrin is detectable in normal tissues.22–24 In addition, fibrin 

is considered more abundant and possibly more stable than 

nonspecific and limited numbers of receptors, and thus to be 

a better target, and it has been used in the molecular imag-

ing of cancer.1,25 Then, a novel drug-delivery system can be 

developed based on abundant and specific fibrin deposits, 

which may prolong drug retention in tumors and improve 

the effectiveness of tumor treatment.

Tumor-homing peptide cysteine–arginine–glutamic acid–

lysine–alanine (CREKA), a linear pentapeptide achieved 

by in vivo phage display, is also one type of fibrin-binding 

peptide.26 Taking advantage of its fibrin-binding capacity 

to thrombi and microthrombi, this pentapeptide has been 

utilized for the image diagnosis of myocardial ischemia 

and tumors,1,25,26 but not for the targeted therapy of GMB.20 

Compared to cyclic fibrin-binding peptides, the linear 

pentapeptide is simpler and more stable in structure.24,26 In 

addition, the terminal sulfhydryl group of cysteine provides 

good binding activity.24 The characters of CREKA suggest 

that it may be a good medium for the targeted therapy of 

GMB, and can perhaps increase the EPR effect and even 

the GBM cell uptake of modified NPs, and then improve the 

result of GMB therapy.

In order to validate our assumptions, we developed a new 

strategy to deliver paclitaxel (PTX)-loaded NPs to GBM 

nidi by modifying the NPs with the fibrin-binding peptide 

CREKA. Firstly, the NPs were prepared by an emulsion/

solvent evaporation technique, and CREKA was conjugated 

to the NP surface through a maleimide (Mal)–thiol reac-

tion. The clot-binding capacity of CREKA was tested by 

an in vitro clot-binding experiment. In vivo NP retention 

in GBM-bearing mice was investigated by Spectrum IVIS 

[in vivo imaging system] (PerkinElmer, USA) and frozen 

slices of GBM tissues. Finally, the median survival time of 

each group was compared to evaluate the therapeutic effect 

of modified PTX-loaded NPs.

Materials and methods
Materials and animals
Methoxy-poly(ethylene glycol) (MPEG, molecular weight 

[MW] 3,000 Da) and Mal-PEG (MW 3,400 Da) were pur-

chased from NOF (Japan) and Laysan Bio (USA), respec-

tively. d,l-Lactide (purity 99.5%) was supplied by Purac 

(the Netherlands). MPEG-poly(lactic acid) (MPEG-PLA; 

MW 33,000 Da) and Mal-PEG-PLA (MW 33,400 Da) block 

copolymers were selected to prepare the NPs, as the PEG 

on the surface of NPs can prolong the in vivo circulation 

time.28 These two block copolymers were synthesized by 

ring-opening polymerization of lactide using MPEG and Mal-

PEG as the initiator as previously described.29 The CREKA 

peptide was synthesized by the Chinese Peptide Company 

(People’s Republic of China [PRC]). 1,1′-Dioctadecyl-

3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR), a 

near-infrared dye, was obtained from Biotium (Invitrogen, 

USA). Coumarin 6 was obtained from Sigma-Aldrich (USA). 

PTX was purchased from Nanfang Biotech (PRC). Fresh 

frozen human plasma (FFP) was from the Shanghai Blood 

Center (PRC), and thrombin was from Siemens Healthcare 

(Germany). The U87-RFP cell line was bought from Shanghai 

SBO Medical Biotechnology (PRC). Dulbecco’s Modified 

Eagle’s Medium (high-glucose) cell-culture medium, plastic 

cell-culture dishes, and plates were purchased from Corn-

ing (USA). Fetal bovine serum (FBS) was purchased from 

Gibco (USA). Trypsin–ethylenediaminetetraacetic acid and 

penicillin–streptomycin solution were provided by Invitro-

gen (Belgium). Double-distilled water was purified using a 

Millipore Simplicity System (USA). DAPI (4′,6-diamidino-

2-phenylindole) was from Beyotime Biotechnology (PRC). 

All the other chemical reagents were analytical grade or 

chromatographic pure grade, and were purchased from 

Sinopharm Chemical Reagent (PRC).

BALB/c nude mice (male, 4–5 weeks old, 18–22 g) were 

purchased from the Shanghai Laboratory Animal Center 

(PRC) and maintained under standard housing conditions. 
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All animal experiments were carried out in accordance with 

protocols evaluated and approved by the ethics committee 

of Fudan University.

Preparation of NPs and TNPs
Unmodified NPs were prepared with a blend of MPEG-PLA 

and Mal-PEG-PLA (10:1 w/w) by an emulsion/solvent 

evaporation technique. Briefly, 30 mg of MPEG-PLA and 

3 mg of Mal-PEG-PLA were dissolved in 1 mL of dichlo-

romethane and then added to 5 mL of 0.6% sodium cholate 

aqueous solution. The mixture was intensively emulsified 

by sonication for 100 seconds at 200 W in ice water using a 

probe sonicator (Scientz Biotechnology, PRC). After dichlo-

romethane was removed by rotary evaporation (Shanghai 

Institute of Organic Chemistry, PRC) at 37°C, the obtained 

NPs were concentrated by centrifugation at 21,000 g for 

40 minutes at 4°C with a TJ-25 centrifuge (Beckman Coulter, 

USA) and resuspended in 0.5 mL of deionized water. For 

CREKA peptide conjugation with NPs (TNPs), the NP 

suspension was mixed with 18 μg of CREKA and stirred at 

50 rpm for 4 hours under nitrogen conditions. Free CREKA 

was removed by centrifugation at 21,000 g for 40 minutes 

at 4°C. PTX-loaded, coumarin 6-, or DiR-labeled NPs and 

TNPs were prepared using the same procedure, except that 

2 mg of PTX, 750 μg of coumarin 6, or 300 μg of DiR were 

dissolved in 1 mL of dichloromethane in advance.

Characterization of NPs and TNPs
Size, zeta potential, and morphology
The particle size and zeta potential of NPs and TNPs were 

determined by a 3600 Nano ZS Zetasizer (Malvern Instru-

ments, UK; n=3). The morphology of NPs was observed by 

transmission electron microscopy (H-600; Hitachi, Japan) 

following negative staining with 2% sodium phosphotung-

state solution.

Conjugation efficiency of CREKA with nanoparticles 
and CREKA density on the nanoparticle surface
The conjugation efficiency of CREKA with NPs was 

determined by measuring free CREKA concentration in the 

supernatant using high-performance liquid chromatography 

(HPLC) (1200 series; Agilent, USA), which was equipped 

with an analytical column (250×4.6 mm, pore size 5 μm, 

Zorbax 300SB-C18; Agilent). The mobile phase consisted 

of solvent A (0.1% trifluoroacetic acid in water) and solvent 

B (80% acetonitrile aqueous solution containing 0.09% tri-

fluoroacetic acid) (A:B =92:8, v/v) at a flow rate of 1.0 mL/

min. The ultraviolet (UV)-detection wavelength was set at 

220 nm, and the sample injection volume was 20 μL. CREKA 

conjugation efficiency was calculated with the formula:

Conjugation efficiency

Total amount The amount

in supernatant

To
=

−

ttal amount
×100%

The peptide density on the nanoparticle surface was 

calculated as follows: 

	

n M=
×

ρ
π

NA
m1

m2 ÷ 



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4

3 2

3
D

�

NA was Avogadro's constant, m1 was the weight of 

CREKA peptide conjugated to NPs, M was the molar mass of 

CREKA peptide, m2 was the weight of NPs, D was the mean 

diameter of NPs and ρ was the density of NPs, estimated to 

be 1.1 g/cm3.

Drug-encapsulation efficiency and -loading capacity
In order to investigate the encapsulation efficiency (EE) 

and loading capacity (LC) of PTX in NPs, 100 μL of PTX-

loaded NPs (PTX NPs) or PTX-loaded TNPs (PTX TNPs) 

was dissolved in 900 μL of acetonitrile and vortexed for 

1 minute. After centrifugation at 10,000 rpm for 10 minutes 

using a 5418 R centrifuge (Eppendorf, Germany) to remove 

the polymer materials, 20 μL of supernatant was injected 

into the HPLC system to quantify the PTX concentration. 

An analytical column (200×4.6 mm, pore size 5 μm; Dia-

monsil TMC18) was used at room temperature. The mobile 

phase consisted of acetonitrile and water (55:45 v/v) with a 

flow rate of 1.0 mL/min. The UV-detection wavelength was 

set at 227 nm. The EE and LC were calculated as previ-

ously described: LC = PTX
encapsulated

/materials ×100%, EE =  

PTX
encapsulated

/PTX
total

 ×100%.11 The EE and LC of coumarin 6 

in NPs were also determined in the same way as PTX, except 

for the chromatographic conditions. For the determination 

of coumarin 6, the mobile phase was methanol and water 

(96:4  v/v), and the UV-detection wavelength was set at 

465 nm. To determine the EE and LC of DiR in NPs, DiR-

labeled NPs or TNPs were treated with the same method as 

described earlier, but DiR concentration in the supernatant 

was determined at 754 nm by a microplate reader (BioTek 

Synergy TM2) instead of the HPLC system.

In vitro release profiles
The in vitro release behaviors of PTX, DiR, and coumarin 6 

were evaluated by a dialysis method. For DiR and coumarin 6 
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release, 0.01 M phosphate-buffered saline (PBS; pH 7.4) and 

10% FBS in 0.01 M PBS were selected as the release medium 

to investigate whether DiR and coumarin 6 were suitable for 

NP tracking in vivo. For PTX release, 0.01 M PBS (pH 7.4 and 

5.0) with 0.5% Tween 80 was used as release medium. For the 

release study, 1 mL of PTX-loaded NPs and coumarin 6 or 

DiR-labeled NPs in the release medium were transferred into 

the dialysis bag (MW cutoff 7,000 Da) and incubated in 30 mL 

release medium at 37°C at a shaking speed of 100 rpm. At each 

setting time point, 0.5 mL of release medium was withdrawn, 

followed by the addition of an equal volume of fresh release 

medium immediately. The amounts of PTX, coumarin 6, and 

DiR were determined by the same method mentioned earlier.

In vitro TNP binding with fibrin
Fluorescence microscopy of TNP binding with FFP clots
The fluorescence microscopy of TNP binding with FFP 

clots was performed as previously described.26 In brief, each 

microscope slide received 20 μL of FFP, 2 μL of 0.4  M 

CaCl
2
, and 2 μL of thrombin (0.1 U/mL PBS). Slides were 

incubated at 37°C for 60 minutes to form fibrin clots. Cou-

marin 6-labeled NP solutions (20 μL, 5 mg/mL) were then 

added to each clot and incubated at 37°C for an additional 

15 minutes. Afterward, the clots were washed thrice with PBS 

and imaged by fluorescence microscopy (Leica, Germany). 

Experiments were performed in quadruplicate.

Optical imaging of TNP binding with FFP clots
Fibrin clots were formed in a 96-well plate. Each well 

received 90 μL of FFP, 5 μL of 0.4 M CaCl
2
, and 25 μL 

thrombin (0.1 U/mL), and the plate was incubated at 37°C 

for 90 minutes. DiR-labeled NP solutions (50 μL, 5 mg/mL) 

were then added to each well and incubated at 37°C for 

an additional 30 minutes. Afterward, the clots were then 

washed thrice with PBS and imaged with the IVIS in the 

near-infrared channel (745 nm excitation and 800 nm 

emission).

In vivo imaging of glioblastoma-bearing 
nude mice
The U87 orthotopic GBM model was established by injec-

tion of U87 cells (106 cells in 5 μL of PBS [0.01 M, pH 7.4]) 

into the right brain of each nude mouse (2 mm laterally to 

the bregma and 5.0 mm deep from the dura) at a rate of 

3.0 mL/min using a stereotaxic apparatus. Fourteen days after 

U87 cell inoculation, DiR-labeled NPs or TNPs were injected 

into the GBM-bearing mice via the tail vein (9 mg/kg DiR). 

After injection, fluorescence imaging of mice was performed 

at 8, 12, 24, 48, and 72 hours with the IVIS. At 24, 48, and 

72 hours postinjection, three mice in each group were killed 

and perfused with PBS (0.01 M, pH 7.4) and 4% paraform-

aldehyde. The main organs, including the brain, heart, liver, 

spleen, lung, and kidney, were then harvested and analyzed 

with the IVIS.

Distribution of TNPs in glioblastoma
Fourteen days after the inoculation of U87 cells, coumarin 

6-labeled NPs or TNPs were injected into the mice via tail 

veins at a coumarin 6 dose of 1.5 mg/kg; 72 hours later, the 

mice were killed and then were perfused with PBS (0.01 M, 

pH 7.4) and 4% paraformaldehyde. The brains were col-

lected and fixed in 4% paraformaldehyde for 24 hours, then 

sequentially dehydrated with 15% and 30% sucrose solution. 

Afterward, these brains were frozen optimal cutting tem-

perature in OCT (Sakura, Torrance, CA, USA) at −80°C and 

sectioned into slices 20 μm thick. After being stained with 

1 μg/mL DAPI for 10 minutes at room temperature, these 

slides were observed under a fluorescence microscope (Leica 

DMI 4000B) to reveal the fluorescent distribution of NPs and 

TNPs in brain tumor sites. The overlay of green NPs with red 

GBM cells was analyzed by ImageJ 1.48 software.

Pharmacodynamic evaluation
The orthotopic brain GBM model was established as 

described earlier. Forty mice were randomly divided into 

four groups and administered (intravenously) with 100 μL 

of PTX NPs, PTX TNPs, and Taxol at an equal dose of  

5 mg/kg PTX at 14, 16, 18, and 20 days after U87 cell 

inoculation. The survival time of animals was recorded, and 

the data were processed by Kaplan–Meier survival log-rank 

analysis to evaluate the anti-GBM efficacy of these PTX 

formulations.

Statistical analysis
Data are presented as means ± standard deviation. One-way 

analysis of variance was used to analyze the significance 

among groups, after which post hoc tests with Bonferroni 

correction were used for comparison between individual 

groups. A P-value less than 0.05 was considered to be sta-

tistically significant.

Results and discussion
Characterization of NPs and TNPs
Nanoparticle morphology, size, and zeta potential
As shown in Figure 1A, transmission electron microscopy 

showed that TNPs were spherical and well dispersed without 
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any aggregation. The mean particle sizes of NPs and TNPs 

were 104.5±4.0 nm and 106.6±6.2 nm, respectively (Table 1 

and Figure 1B). Zeta potentials of NPs and TNPs were 

-24.1±1.3 mV and -22.5±1.9 mV, respectively (Table  1 

and Figure 1C). Compared with NPs, it was observed that 

the mean particle size and zeta-potential value of TNPs 

were slightly increased, but not significantly so. As shown 

in Table 1, the encapsulation of DiR, coumarin 6, or PTX in 

NPs also slightly changed the particle size and zeta potential, 

but not significantly so. In this study, the NPs made by 

emulsion/solvent evaporation had a particle size of about 

100 nm, which was an appropriate size for in vivo drug 

delivery.30 We all know that NP modification changes particle 

size and surface zeta potential, and so it was in our research. 

However, these changes were so minimal that they could be 

ignored, as they would not have changed the in vitro and  

in vivo behavior of NPs.31

Conjugation efficiency of CREKA with nanoparticles 
and CREKA density on the nanoparticle surface
Under our experiment conditions (mass ratio of Mal-PEG-

PLA to CREKA 3 mg:18 μg, reaction time 4 hours), only 

about 0.6 μg of free CREKA was detected in the supernatant, 

and the CREKA conjugation efficiency was approximately 

96.7%. The density of CREKA on the surface of NPs was 

220±36, which is reasonable for an actively targeting drug-

delivery system. In addition, the peptide density in the present 

study did not cause notable changes in surface charge, and 

thus reduced the influence of surface charge on NP behavior 

in vitro and in vivo.
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Figure 1 Characterization of TNPs. (A) Transmission electron microscopy images of TNPs negatively stained by 2% phosphotungstic acid; (B) size distribution by intensity 
of TNPs; (C) zeta-potential distribution of TNPs.
Abbreviations: CREKA, cysteine–arginine–glutamic acid–lysine–alanine; TNPs, CREKA-conjugated NPs.

Table 1 Size and zeta potential of nanoparticles (NPs; n=3)

Formulation Particle size  
(nm)

PDI Zeta potential  
(mV)

NPs 104.5±4.0 0.141±0.016 -24.1±1.3
TNPs 106.6±6.2 0.157±0.015 -22.5±1.9
DiR NPs 109.9±5.4 0.166±0.027 -23.4±1.1
DiR TNPs 113.2±4.8 0.167±0.010 -22.9±1.3
Coumarin 6 NPs 108.2±3.3 0.169±0.017 -23.9±1.8
Coumarin 6 TNPs 110.1±3.7 0.170±0.020 -23.3±1.9
PTX NPs 112.3±5.7 0.172±0.006 -21.9±2.5
PTX TNPs 115.5±5.9 0.201±0.011 -20.4±2.1

Abbreviations: PDI, polydispersity index; CREKA, cysteine–arginine–glutamic 
acid–lysine–alanine; TNPs, CREKA-conjugated NPs; DiR, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide; PTX, paclitaxel.
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Drug-encapsulation efficiency and -loading capacity
The EE and LC values of fluorescence dye and PTX in 

NPs and TNPs are shown in Table 2. The EEs of PTX 

for PTX NPs and PTX TNPs were 23.96%±1.62% and 

22.86%±1.21%, respectively. The LCs of PTX for PTX 

NPs and PTX TNPs were 1.45%±0.10% and 1.38%±0.07%, 

respectively. The LCs of DiR and coumarin 6 in PTX TNPs 

were 0.33%±0.03% and 1.07%±0.09%, respectively, which 

were high enough for in vivo tracking of NPs.

In vitro release profiles
The fluorescence probe DiR or coumarin 6 was encapsulated 

in NPs or TNPs acting as NP tracers in vivo or in vitro due 

to their good sensitivity and relatively low leak from NPs.31,32 

The in vitro release curves showed that the conjugation of 

CREKA did not significantly change the release profiles of DiR 

or coumarin 6 from NPs (Figure 2A, B). After 72 hours, the 

cumulative release of DiR was lower than 1% in PBS (pH 7.4) 

and approximately 3% in 10% FBS. The cumulative release 

of coumarin 6 was also lower than 1% in PBS (pH 7.4) and 

approximately 5% in 10% FBS. The very low release of DiR 

and coumarin 6 from NPs indicated that DiR and coumarin 6 

could be accurate fluorescence probes for NP behavior in vivo, 

and the fluorescence signals detected in organs well represented 

the distribution of the NPs. The release behaviors of PTX from 

TNPs were similar to that from NPs in both pH 5.0 PBS and pH 

7.4 PBS (Figure 2C), indicating the surface CREKA on NPs 

did not significantly change the release profiles of PTX from 

NPs. After 48 hours in pH 5.0 PBS, the cumulative release 

percentages of PTX from NPs and TNPs were 94.53% and 

97.07%, respectively, which were higher than those of NPs 

and TNPs in pH 7.4 PBS, indicating the acid environment in 

cell lysosomes might help PTX release from NPs.

In vitro TNP binding with fibrin
The in vitro targeting capability of NPs to fibrin was 

investigated with FFP clots. For fluorescence microscopy 

Table 2 Encapsulation efficiency (EE) and loading capacity (LC) of 
different formulations (n=6)

Formulation EE (%) LC (%)

PTX NPs 23.96±1.62 1.45±0.10
PTX TNPs 22.86±1.21 1.38±0.07
DiR NPs 48.88±4.25 0.45±0.04
DiR TNPs 37.51±3.11 0.33±0.03
Coumarin 6 NPs 48.21±3.98 1.10±0.09
Coumarin 6 TNPs 47.01±4.22 1.07±0.09

Abbreviations: NPs, nanoparticles; CREKA, cysteine–arginine–glutamic acid–
lysine–alanine; TNPs, CREKA-conjugated NPs; DiR, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide; PTX, paclitaxel.
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Figure 2 In vitro release profiles. In vitro DiR (A) or coumarin 6 (B) release profiles from DiR NPs and DiR TNPs in PBS (pH 7.4) and 10% FBS at 37°C. (C) In vitro PTX 
release profiles from PTX NPs and PTX TNPs in pH 7.4 PBS and pH 5.0 PBS with 0.5% Tween 80 at 37°C.
Abbreviations: NPs, nanoparticles; CREKA, cysteine–arginine–glutamic acid–lysine–alanine; TNPs, CREKA-conjugated NPs; DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotri
carbocyanine iodide; PTX, paclitaxel; FBS, fetal bovine serum; PBS, phosphate-buffered saline.
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Figure 3 In vitro clot binding. (A) Fluorescence imaging of fibrin clots incubated with PBS and coumarin 6-labeled TNPs and NPs (n=4). (B) IVIS spectrum imaging of fibrin 
clot-incubated PBS, DiR-labeled TNPs and NPs, and (C) their corresponding semiquantitative radiant efficiency results (n=3).
Note: *P,0.001 between the TNP group and the other two groups.
Abbreviations: NPs, nanoparticles; CREKA, cysteine–arginine–glutamic acid–lysine–alanine; TNPs, CREKA-conjugated NPs; DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotri
carbocyanine iodide; PBS, phosphate-buffered saline.

imaging of NP binding with fibrin, fibrin clots were formed 

on microscope slides. As shown in Figure 3A, TNPs showed 

strong fluorescence on the surface of clots, whereas there 

was no significant binding of NP to the control clots. For 

optical imaging of NP binding with fibrin, fibrin clots 

were formed in 96-well plates. After incubation with NPs, 

the plate was imaged by the IVIS in the IR783 channel. 

As shown in Figure 3B, the TNP group demonstrated 

considerably greater radiant efficiency than unmodified 

NPs. Semiquantitative results revealed that the radiant 

efficiency of the TNP group (2.11±0.14×109) was 3.5-fold 

that of unmodified NPs (P,0.001, Figure 3C). All these 

results suggest that CREKA conjugation on NPs imparted 

NPs a strong binding capability with fibrin, and the density 

of CREKA on the surface of NPs in the present study was 

enough for strong NP binding with fibrin, which agreed 

well with previous studies.27

In vivo imaging
In order to investigate the TNP-retention capability in GBM, 

in vivo imaging of GBM-bearing mice administered with 

DiR-labeled TNPs or NPs was conducted. As shown in 

Figure 4A, the brain fluorescence intensity of TNP-group 

mice was obviously higher than that of NP-group mice at 

each time point after administration, indicating TNPs had 

better retention and accumulation than NPs in GBM-related 

regions. Ex vivo imaging of the brains (Figure 4B) further 

demonstrated that GBM of TNPs had significantly higher 

fluorescence intensity at the GBM site (indicated by the red 

circle) than NPs at 24, 48, and 72 hours. Moreover, semiquan-

titative results revealed that the fluorescence intensity of the 

TNP group in the GBM decreased more slowly than that of 

NPs from 24 to 72 hours (Figure 4C). At 72 hours, the radiant 

efficiency of GBM for the TNP group was 5.8-fold that for 

the NP group. These results suggested that TNPs had better 
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Figure 4 In vivo imaging. (A) In vivo imaging of brain glioma-bearing nude mice administered DiR-labeled NPs and TNPs at different time points. (B) Ex vivo imaging of the 
brains at 24, 48, and 72 hours, and (C) the corresponding semiquantitative radiant efficiency at the glioma site.
Note: *P,0.01 between TNP group and NP group.
Abbreviations: NPs, nanoparticles; CREKA, cysteine–arginine–glutamic acid–lysine–alanine; TNPs, CREKA-conjugated NPs; DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindo
tricarbocyanine iodide; PBS, phosphate-buffered saline.

retention in GBM tissue compared with NPs, which might 

be attributable to the surface CREKA on NPs binding with 

abundant fibrin in GBM tissue and making NPs immobilized 

in the tumor.

As shown in Figure 5, TNP distribution in other major 

organs was similar to NPs, and mainly distributed in the mono-

nuclear phagocyte system-related organs, including the liver 

and spleen. TNP distribution in liver and spleen was lower 

than NPs at different time points, but not significantly so.

In vivo distribution of TNPs in GBM
Fourteen days after GBM cell inoculation, in vivo distribu-

tion of coumarin 6-labeled NPs and TNPs in GBM slices 

was observed to investigate NP retention at 72 hours after 

intravenous administration. As shown in Figure 6, TNPs 

were distributed extensively and deeply in GBM tissues, 

while NP showed little distribution (Figure 6B, F). As we 

know, the necrotic areas and fibrosis in tumor can decrease 

intratumoral distribution of therapeutic agents. However, 

they had less impact on TNP distribution than NP distribu-

tion. Moreover, TNPs reached the deep region of tumor 

tissues uniformly, and even about 35% of TNPs (estimated 

by ImageJ software) were distributed in the GBM cells 

expressing red fluorescence protein (Figure 6D). This 

unique distribution of TNPs might be attributable to two 

factors. Firstly, TNP interaction with fibrins in the ECM to 

keep NPs immobilized in the tumor greatly enhanced the 

NP-retention effect. Secondly, TNPs interacted with fibrins 

to form coaggregates, which could bind to integrin on the 

surface of GBM cells, and ultimately became internalized.11 

As shown in Figure 6D and H, no NPs or TNPs were 

accumulated in normal brain tissue, indicating TNPs loaded 

with chemotherapeutics would not damage the normal brain 

after GBM delivery.

The binding-site barrier effect was discovered by 

Juweid et al and further research demonstrated that the pen-

etration of antibodies, NPs, and block copolymer micelle in 

tissues would be limited because of the interaction between 

them and target cells.34,35 However, in the present study, it 

was demonstrated that TNPs distributed deeply in the GBM 

tissue, and the penetration of TNPs seemed not to be influ-

enced by the binding-site barrier effect. The reasons might 
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Figure 5 (A) Ex vivo imaging of different organs after administration, and the corresponding semiquantitative results at 24 hours (B), 48 hours (C) and 72 hours (D) (n=3).
Abbreviations: NPs, nanoparticles; CREKA, cysteine–arginine–glutamic acid–lysine–alanine; TNPs, CREKA-conjugated NPs.

Figure 6 In vivo distribution of coumarin 6-labeled TNPs (A–D) and NPs (E–H) in glioma tissues 72 hours after intravenous administration. (D) Is a merger of (A–C). (H) 
Is a merger of (E–G). Blue, cell nuclei; green, coumarin 6-labeled NPs; red, glioma cells expressing red fluorescence protein; white dashed line, border of the glioma. In (D) 
and (H), the white arrows indicate NP overlay with glioma cells, and the dovetail arrows indicate NP distribution in extracellular matrix. Magnification 200-fold.
Abbreviations: NPs, nanoparticles; CREKA, cysteine–arginine–glutamic acid–lysine–alanine; TNPs, CREKA-conjugated NPs.

be that CREKA on the surface of NPs did not interact with 

the GBM cells directly, but with the ECM. Compared with a 

GBM cell receptor-targeting drug-delivery system, this new 

mode of NP interaction with ECM that would not limit the 

penetration of NPs by the binding-site barrier effect will be 

an advantage for tumor ECM-targeting strategies.

In vivo anti-glioblastoma efficacy
In order to evaluate the anti-GBM efficacy of PTX TNPs, 

the survival time of intracranial U87 GBM-bearing mice 

was monitored after four cycles of drug administration. 

The life span of GBM-bearing mice administered with PTX 

NPs, PTX TNPs, Taxol, or saline is shown in Figure 7 and 
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Table 3. The median survival times for the PTX NP group, 

the PTX TNP group, the Taxol group, and the saline group 

were 36, 45, 48, and 60 days, respectively. Compared 

with the saline group, PTX NP and PTX TNP treatment 

significantly prolonged the survival time of GBM-bearing 

mice (P,0.01). Furthermore, the survival time of the TNP 

group was significantly longer than that of the PTX NP group 

(P,0.01). The in vivo anti-GBM results demonstrated that 

CREKA-modified NPs significantly improved the therapeutic 

effects of the commercial product Taxol and the traditional 

PTX NPs, which agreed well with in vivo imaging results 

and in vivo distribution in GBM. These remarkable results 

imply enormous clinical potential of fibrin-oriented targeting 

therapy of GBM.

Conclusion
In the present study, we developed an actively targeting 

drug-delivery system helping to enhance the NP-retention 

effect in GBM stroma, which may be a promising strategy 

for the treatment of malignant brain tumors. In vitro NPs 

binding with fibrin showed the CREKA-modified NPs had 

a higher capacity of binding to fibrin than other agents.  

In vivo imaging and GBM slice imaging revealed that TNPs 

demonstrated significantly stronger retention in GBM tis-

sue than unmodified NPs. Moreover, CREKA-modified 

NPs significantly improved the therapeutic effects of the 

commercial product Taxol and the traditional PTX NPs. In 

summary, these promising results indicate that the CREKA-

modified NPs might have positive potential in the clinical 

therapy of GBM.
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