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Abstract. The aim of this study was to look for a new
medicine in diagnosing and treating of glioblastoma.
Radioiodine-labeled anti-epidermal growth factor receptor
(EGFR) binding nanoparticles were constructed. In vitro
cell-binding assays were confirmed by confocal microscopy
and flow cytometry. Cell cytotoxicity assays were evaluated
by MTT assay; radionuclide uptake assays were performed by
v-counter. Radioiodine-imaging studies were conducted using
a xenograft nude mouse model in vivo. The results showed
that EGFR significantly enhanced the uptake and accumula-
tion of BSA-PCL in the experimental model of xenografts in
nude mice, suggesting improved specific nanoparticle-based
delivery. In conclusion, the data showed "*'I-EGFR-BSA-PCL
leading radioiodine therapy for U251 and U87 cells had a good
effect in vitro and in vivo. Thus, ' I-EGFR-BSA-PCL may
provide a new method for glioblastoma treatment.

Introduction

Glioblastoma, the most common primary brain tumor in adults,
is rapidly fatal. The current standard of care for newly diag-
nosed glioblastoma is surgical resection to a feasible extent,
followed by adjuvant radiotherapy (1,2). Current therapeutic
strategies against glioblastoma (GBM) have failed to prevent
disease progression and recurrence effectively (3,4). The part
played by molecular imaging (MI) in the development of novel
therapies has gained increasing attraction in recent years (5).
The combination of anatomical (MRI or CT) with metabolic
(PET or SPECT) imaging techniques might provide even more
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detailed information on response to drug treatment compared
with single modality imaging (5,6).

Epidermal growth factor receptor (EGFR) is a cell-surface
receptor that plays a key role in signaling pathways regulating
cell proliferation, angiogenesis, and tumor metastases (7,8).
EGFR is one of the four members of the EGFR family. EGFR
is widely overexpressed in several tumor types including
breast cancer, melanoma, and brain glioblastoma, making this
receptor an attractive candidate for anticancer therapy (7,9).
EGFR is also an attractive drug target because it is widely
expressed in many cancers and has well-documented onco-
genic activities. Anticancer therapies targeting EGFR have
been studied since the 1980s. To date, several antibodies
and small-molecule inhibitors are directed against EGFR.
These antibodies and inhibitors are actively being developed
by biotechnology and pharmaceutical companies as cancer
therapeutics, such as C225 (cetuximab), EMD 72000 (matu-
zumab), gefitinib, erlotinib, and lapatinib. EGFR expression
level is related to disease development and prognosis (10,11).
Some studies showed that treatment of locoregionally
advanced head and neck cancer with concomitant high-dose
radiotherapy plus cetuximab improves locoregional control
and reduces mortality without increasing the common toxic
effects associated with radiotherapy to the head and neck (12).
Traditional EGFR-targeted nanoparticle carriers play a role
in the treatment of malignancy but do not provide direct
guidance in the diagnosis and evaluation of the prognosis of
malignant tumor.

In the current study, radioiodine-labeled anti-EGFR
binding nanoparticles were constructed for treatment and
imaging of glioblastoma in vitro and in vivo.

Materials and methods

Materials. Monoclonal anti-human EGFR antibody was
obtained from Cetuximab, Merck KGaA, Germany. 'T was
provided by the Beijing Atomic Gaoke Limited by Share
Ltd. The nanoparticles were obtained from the Institute
of Nanobiotechnology, School of Materials Science and
Engineering, Tianjin Key Laboratory of Composites and
Functional Materials, Tianjin University.
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Self-assembly of amphiphilic BSA-PCL conjugate; (9,13-15).
The amphiphilic BSA-PCL conjugate was synthesized as
previously described (16), and the nanosized self-assembly
of the amphiphilic BSA-PCL conjugate was obtained via
emulsion-solvent evaporation method. Briefly, 4 mg of
BSA-PCL conjugate was dissolved in 4 ml of phosphate
buffer (PB, 0.1 M, pH 7.4) at room temperature and sonicated
in a bath sonicator for 10 min. During the ultrasonic treat-
ment process, 2 ml of dichloromethane was slowly injected
into the PB via syringe. Dichloromethane was then evapo-
rated with a vacuum rotary evaporator, and self-assembly of
the cetuximab-decorated BSA-PCL conjugate was prepared
with the same process. The obtained PB solutions of the
self-assemblies of the BSA-PCL and cetuximab-decorated
BSA-PCL conjugates were stored at 4°C.

Cell culture. U251 and U87 human glioblastoma cells were
purchased from Cell Resource Center, Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences/Peking Union
Medical College (Beijing, China). The U251 and U87 cells
which overexpressed EGFR were cultured as a monolayer
in DMEM media supplemented with 100 U/ml of penicillin,
100 M/ml streptomycin, and 10% FBS in a humidified atmo-
sphere containing 5% CO, at 37°C.

B labeling of nanoparticles; (17). We used the well-estab-
lished direct labeling method for anti-EGFR-nanoparticles
EGFR-BSA-PCL and BSA-PCL (18,19). EGFR-BSA-PCL
and BSA-PCL were labeled with 'T (Beijing Atomic Hi-Tech
Co., Ltd.) using chloramine-T method. The same amounts of
EGFR-BSA-PCL or BSA-PCL were diluted in PB to a total
volume of 100 ul (1 mg/ml), and ~37 MBq "'T was added. Up
to 100 ul of chloramine-T (5 mg/ml in PB) was added. After
60 sec of incubation, complete oscillation using an oscillator
was simultaneously needed. The reaction was stopped by
adding 100 ul of sodium metabisulfite (5 mg/ml in PB), and
complete oscillation for 60 sec was also needed. To separate the
labeled EGFR-BSA-PCL or BSA-PCL from the low-molecular-
weight compounds, centrifugation method was adopted to
remove the small molecules. Our group used a centrifuge tube
(Amicon® Pro Purification System, Merck Millipore). The
specific radioactivity was approximately 333 and 296 MBg/mg
for EGFR-BSA-PCL and BSA-PCL, respectively. The ratio of
radioiodine label was also calculated.

Confocal microscopy; (10,15,20). As previously mentioned,
cells were planted in the confocal small dish (5x10° cells/dish).
Using the above steps, EGFR-BSA-PCL and BSA-PCL
(marked with FITC) were added to each dish and incubated
another 4 and 12 h, respectively. After incubating the rejected
nanoparticles, the cells were washed twice or thrice repeatedly
with sterile PBS and fixed with 0.5 ml of paraformaldehyde.
Extracellular localization of fluorescent EGFR-labeled
nanoparticles was then periodically visualized and recorded
using Laser Scanning Confocal Microscope (Leica TCS SP2;
Leica, Munich, Germany).

Flow cytometry; (21). Flow cytometry was used to evaluate
the binding of EGFR-BSA-PCL and BSA-PCL to target cells
(EGFR*: U251 and U87). U251 and US87 cells were seeded
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into a cell-culture flask (5x10° cells) and incubated for 24 h.
Up to 1 ml each of EGFR-BSA-PCL and BSA-PCL (1 mg/ml,
marked with FITC) was added, and the cells were incubated
for 4 or 12 h. After incubation, the supernatant was discarded,
and the plates were washed two to four times in PBS and
then used for trypsinization. After centrifugation, 250 ul of
the cell suspension was obtained, and another 250 ul of para-
formaldehyde was added. The cells were then analyzed by a
BD FACSCalibur flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA) using 490 nm laser source.

MTT cytotoxicity assay; (20,22). MTT assays were conducted
to evaluate the cytotoxicity of '*'I-labeled EGFR-BSA-PCL
and BSA-PCL. U251 and U87 cells were seeded into 96-well
microplates with 1x10* cells/well. The '*'I-EGFR-BSA-PCL,
BII.-BSA-PCL, EGFR-BSA-PCL, or BSA-PCL under different
concentration gradients were added and then incubated for
another 4 h. After removing all the nanoparticles, 20 ul of
MTT reagent [3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide; Sigma] was added (5 mg/ml) into each well.
The plates were incubated for 4 h, and the MTT-containing
medium was removed and replaced with DMSO. The amount
of the blue formazan compound indicated the number of
living cells and was determined using a spectrophotometer
(492 nm). Finally, after gently shaking the microplates for
10 min to dissolve the formazan, each sample with six repli-
cates (n=6) was analyzed on a BioTek ELX 800 microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA) at
A=492 nm.

Radionuclide uptake in vitro; (23,24). Briefly, the cells
(10°/well) were plated in triplicates in 96-well plates.
Subsequently, 0.37-3.7 MBq "*'I-EGFR-BSA-PCL and
BII-BSA-PCL were added into each well for 4 h. The medium
was then completely removed, and the cells were quickly
washed twice with ice-cold PBS. Up to 200 ul of 10%
FBS-DMEM was added into each well. A y-counter (LKB
Gamma 1261; LKB Instruments, Mt. Waverley, Australia) was
used to calculate the counts per minute (CPM) after 24 h.

Experimentation on animals; (25). This study was carried
out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and China Regulations For the
Administration of Affairs Concerning Experimental Animals.
The protocol was approved by the Committee on the Ethics
of Animal Experiments of the Tianjin Medical University
General Hospital. All surgery was performed under sodium
pentobarbital anesthesia, and all efforts were made to mini-
mize suffering.

Four-week-old BALB/c nude female mice were obtained
from the PLA Military Academy of Medical Sciences
Laboratory Animal Center. The mice were normally bred
and maintained under specific-pathogen-free conditions with
constant temperature and humidity range. The nude mice
(n=27) were inoculated with U87 in the subcutaneous tissue
upper back. A total volume of 50 pl was inoculated in the
subcutaneous tissue upper back of the mice using a syringe.
The U87 cells were slowly injected, and the syringe was kept in
for 1-2 min before being retracted to avoid cells from ascending
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through the injection canal. Based on preliminary studies, the
total span of the experiments was set to 21 days to ensure suffi-
cient tumor development. However, the mice developed signs
of considerable tumor burden, which is defined as loss of >20%
of the mice initial body weight, and the diameter of the tumor
deposit was >1 cm. After 21 days, the animals were divided
into three experimental groups with three mice each: groups A,
B, and C were treated by intratumoral injection with 74 MBq
(370 MBg/ml) *'I-EGFR-BSA-PCL, 74 MBq (370 MBg/ml)
BIL.BSA-PCL, and 74 MBq (370 MBg/ml) "', respectively.

At 4, 24, and 72 h after intratumoral injection, single-
photon emission computed tomography (SPECT) (Discovery
VH; GE Healthcare, Milwaukee, WI, USA) imaging was
previously performed (26). To reduce the exposure of salivary
and thyroid glands to unwanted radiation, all the mice were
administered with 1% sodium perchlorate solution via their
drinking water for 4 h before the experiment.

Statistical analysis. All experiments were performed in
triplicate unless otherwise indicated. Statistical analysis was
performed using SPSS software (SPSS 15.0). Results are
presented as mean + SD. Statistical significance was exam-
ined using Student's t-test. P<0.05 was considered statistically
significant. For different experimental groups, we compared
the difference between different drugs at the same medication
time and at the same dose of the drug; for the same group
comparison, we compared the efficacy of the same drug in
different administration times, and compared the efficacy of
the same medication time at different doses.

Results

Internalization of EGFR-BSA-PCL and BSA-PCL. Confocal
microscopy was used to analyze the binding and internal-
ization of targeted and non-targeted BSA-PCL. Specific
fluorescence staining on U251 and U87 cells was shown
upon incubation with EGFR-BSA-PCL and BSA-PCL after
4 or 12 h at 37°C (Fig. 1). The fluorescence intensity of the
EGFR-BSA-PCL group was stronger than that of the BSA-PCL
group in both U251 and U87 cells regardless of similar condi-
tions at 37°C for 4 or 12 h of incubation.

Flow cytometry binding analyses of EGFR-BSA-PCL and
BSA-PCL. The binding activity of the EGFR-BSA-PCL and
BSA-PCL conjugates was further confirmed by flow cytom-
etry using the U251 and U87 cells that express EGFR. FCM
analyses revealed results consistent with those observed in
the fluorescence microscopy analyses. Hence, the binding
and uptake of EGFR-BSA-PCL were significantly higher than
those of BSA-PCL in both the U87 and U251 cells after 4 or
12 h of incubation at 37°C. The uptake of EGFR-BSA-PCL
was 70.5 and 59.2% in the U251 and U87 cells, respectively,
after 4 h of incubation. The uptake of EGFR-BSA-PCL was
76.0 and 60.0% in the U251 and U87 cells, respectively,
after 12 h of incubation (Fig. 2). These findings implied that
EGFR-BSA-PCL had special binding efficiency in the U251
and U87 cells which expressed EGFR.

Cellular binding and uptake of the two different
B!T-labeled BSA-PCLs were evaluated by confocal
fluorescence microscopy and flow cytometry in the U251
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Figure 1. Binding activity of EGFR-BSA-PCL and BSA-PCL to target
and control cells detected by FITC-labeled indirect confocal microscopy.
(A) U251. (B) U87. a) Fusion images of light microscopy and fluorescence
microscopy. b) Ordinary light microscope image. c) Fluorescence micro-
scope image. Compared with BSA-PCL groups, more green fluorescence is
observed on the surface and interior of cells in the EGFR-BSA-PCL group,
indicating that the EGFR-BSA-PCL labeled with FITC is easier to connect
to the cell surface and more easily swallowed into the cell; no significant
differences were found in the EGFR-BSA-PCL group after 4 and 12 h for the
green fluorescence of the surface and interior of the cells.

and U87 cell lines. The targeting efficiency of '*'I-EGFR-
BSA-PCL was considerably higher than that of *'I-BSA-PCL,
EGFR-BSA-PCL, or naked BSA-PCL in both U251 and
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Figure 2. Flow cytometry analysis showing uptake of EGFR-BSA-PCL and BSA-PCL by U251 (A and B) and U87 (C and D) cells. U251 and U87 cells without
nanoparticles as control; (A) U251 cells incubated with EGFR-BSA-PCL or BSA-PCL for 4 h, showed 70.5 and 49.1%, respectively. (B) U251 cells incubated
with EGFR-BSA-PCL or BSA-PCL for 12 h, showed 76.0 and 49.8%, respectively. (C) U87 cells incubated with EGFR-BSA-PCL or BSA-PCL for 4 h, showed

59.2 and 22.9%, respectively. (D) U87 cells incubated with EGFR-BSA-PCL or BSA-PCL for 12 h, showed 60.0 and 51.2%, respectively.

Table I. After incubated with nanoparticles 4 h, the U251 and U87 cell viability in 96 h.

U251 us7
Treatment B1-EGFR-BSA-PCL (%) B1-BSA-PCL (%) B1-EGFR-BSA-PCL (%) BI-BSA-PCL (%)
0.37 MBq 80.67+1.15 65.67+1.16 44.67+1.53 68.67+0.58
0.925 MBq 41.67+4.73 51.67+1.53 28.33+£1.53 48.00+1.00
1.85 MBq 73.33+2.52 71.00£2.65 32.33+£2.08 60.00+1.00
2.775 MBq 75.00+5.00 95.00+3.00 34.33+1.53 62.67+0.58
3.7 MBq 91.67+1.53 95.33£2.52 50.33+0.58 70.33+0.58

US87 cell lines.Analysis of cell viability determined by
MTT cytotoxicity experiment; (7,27-29). Cytotoxicity
was determined using MTT assay as previously reported.
Time- and dose-dependent MTT studies were performed
(Fig. 3, Table I). The data showed that 0.925 MBq "*'I-EGFR-
BSA-PCL or *'I-BSA-PCL had the strongest inhibition effect
on tumor cells at 24, 48,72 and 96 h. Experiments also showed
that *'I-EGFR-BSA-PCL had better tumor inhibition effect
than ''I-BSA-PCL with extended time. After incubating the
nanoparticles for 4 h, the cell viability of the U251 and U87
cells was determined after 24, 48, 72 and 96 h, respectively.
The cells incubated with *'T or cetuximab alone have no
effect on the survival of glioma cells (data not shown).

Radioiodine uptake of P'I-labeled nanoparticles in vitro.
Confocal microscopy, flow cytometry, and MTT analyses
revealed that both "'I-EGFR-BSA-PCL and "*'I-BSA-PCL
could inhibit cell growth. However, the inhibition effect of
BII-EGFR-BSA-PCL was better than that of *'I-BSA-PCL in
both U251 and U87 cells. Radionuclide uptake results were
consistent with the CPM of “'1-EGFR-BSA-PCL, which
was always higher than “'I-BSA-PCL in both U251 and
U87 cells. After 4 h incubation with *'I-EGFR-BSA-PCL
and P'T-BSA-PCL, the radioiodine uptake was distributed in
a parabola fashion in the U251 and U87 cells (Fig. 4). When
radioiodine uptake reached the peak, the CPM decreased as the
dose of "*'T-labeled nanoparticles increased. In the U251 cells,
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Figure 3. MTT assay performed for ®'I-EGFR-BSA-PCL and "*'I-BSA-PCL in both U251 and U87 cells. (A) U251 cell incubated in *'I-EGFR-BSA-PCL;
(B) U251 cell incubated in *'I-BSA-PCL; (C) U87 cell incubated in *'I-EGFR-BSA-PCL; (D) U87 cell incubated in *'I-BSA-PCL. The observed ICs, for
pure *'I-EGFR-BSA-PCL was 1.37 MBq (6.85 MBq/ml) and 1.62 MBq (8.1 MBg/ml) against U251 and U87 cells, respectively. The observed ICs, for pure
BI-BSA-PCL was 2.04 MBq (10.2 MBg/ml) and 2.38 MBq (11.9 MBq/ml) against U251 and U87 cells, respectively.
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Figure 4. *'T, ®'T-EGFR-BSA-PCL, and *'I-BSA-PCL uptake in U251 and U87 cells. (A) U251 cells and (B) U87 cells. Radioactivity count in EGFR-BSA-PCL
group is much higher than that in BSA-PCL and "*'T groups. In EGFR-BSA-PCL and BSA-PCL groups, with the increase of drug concentration, radioactivity
count decreased as parabola-like changes decreased; in '*'T group the radioactivity count is kept at a low level and was linear.

SPECT imaging: Biodistribution in animal experiments;
(17,21,22). The biodistribution of *'I-EGFR-BSA-PCL,
BII-BSA-PCL, and "'T in mice bearing U87 tumor xenografts

0.925 MBq "*'I-EGFR-BSA-PCL and 1.85 MBq "*'I-BSA-PCL
had the highest CPM. In the U87 cells, 1.85 MBq "*'I-EGFR-
BSA-PCL and 2.775 MBq "*'I-BSA-PCL had the highest CPM.
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Figure 5. Ratio of radioactive counts at different time points. At 4 h after
injection was the highest, followed by a decreasing trend; the ratio of radio-
active counts at different time points in *'I.EGFR-BSA-PCL group was
higher than that in *'I-BSA-PCL and "*'I groups, and the decreasing trend
was slower, indicating that the residence time of *'I-EGFR-BSA-PCL in the
tumor was the longest.

at 4, 24, and 72 h and the ratio of radioactivity counts at
different time points are shown in Fig. 5.

SPECT images showed that after the injection of the drug,
the development of the tumor site was the most clear (Fig. 6).
This finding indicated that the drugs are mainly gathered at
the tumor site, and with time, the development of the tumor
tissues gradually fade; the other parts of the nude mice develop
gradually, indicating that the drug entered through the blood-
stream to other parts of the body and the retention time of
BIT-EGFR-BSA-PCL in the tumor tissues was longer than
that of *'I-BSA-PCL and "'I. The ratio of radioactivity count
with tumor tissue and nude body at 4 h after injection was the
highest, followed by a decreasing trend. In the ratio of radio-
active counts at different time points, '*'I-EGFR-BSA-PCL
group was higher than the *'T-BSA-PCL and "'T groups, and
the decreasing trend was slower, indicating that the residence
time of *'T-EGFR-BSA-PCL in the tumor was the longest.

Discussion

EGFR overexpression or overactivation is commonly observed
in GBM tumors (40-70% of patients) (30,31). EGFR over-
expression has been correlated with treatment resistance, as
well as poor survival and prognosis (22,32). Given the advan-
tage of this feature of EGFR, anti-EGFR was connected to
the surface of nanoparticles, thereby targeting the combination
of nanoparticles to the surface of glioma cells and simulta-
neously increasing the number of nanoparticles on the cell
surface or with internal retention time. The use of the EGFR
tyrosine kinase inhibitor cetuximab showed no measurable
responses (33). In vitro studies revealed that EGFR-bound
nanoparticles are easier to combine with the GMB cells,
and the rate of combination was higher. Cell viability was
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Figure 6. SPECT images after drug administration. (A) *'I-EGFR-BSA-PCL;
(B) P'I-BSA-PCL; (C) B'I. SPECT images indicate that after drug adminis-
tration, development of tumor site was the most clear, and with time, the
development of the tumor tissues gradually fade; the other parts of the nude
mice developed gradually, indicating that the drug entered through the
bloodstream to other parts of the body.

determined by MTT assays as described above. The data
showed that both “'I-EGFR-BSA-PCL and "*'I-BSA-PCL
could inhibit the growth of U251 and U87 glioma cells. After
4 h incubation with nanoparticles, the inhibition effect of
T-EGFR-BSA-PCL was better than that of *'I-BSA-PCL
on tumor cells. The 0.925 MBq "“'I-EGFR-BSA-PCL or
BII-BSA-PCL also had the strongest inhibition effect on tumor
cells at 24, 48, 72, and 96 h.

In the radioiodine uptake experiments, when the concen-
tration of 'I-EGFR-BSA-PCL achieved the maximum lethal
dose, further increase of the '*'I-EGFR-BSA-PCL concentra-
tion did not increase the killing effect to the glioma cell. The
0.925 MBq "'T-EGFR-BSA-PCL and "*'I-BSA-PCL had the
strongest inhibitory effect on cell growth.

Given that the radiation dose of nanoparticles reached
0.925 MBq, the inhibitory effect on tumor cells would
decrease as the nanoparticles increased. This finding may
be ascribed to the blunt inhibition phenomena, which often
occur in the nuclide treatment. A dosage more than the
maximum lethal dose of *'I-labeled nanoparticles kills the
capability of glioma cells to increase; this inhibition usually
occurs in thyroid cells (34). Some studies also showed that
positive EGFR immunoreactivity predicted poor radiographi-
cally assessed radiation response. Significant relationships
were noted among the EGFR scores (35,36). Previous studies
also suggested that the observed relative radioresistance of
some GMs is associated with overexpression of EGFR (36).
However, the results cannot explain the weakened inhibition
effect of glioma cells when "'T-labeled nanoparticles exceed
the maximum lethal dose.
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Overall, the results raise the possibility that GBM with
EGFR overexpression may derive the most significant benefit,
in terms of tumor regression, if treated with *'I-EGFR-
BSA-PCL. This regimen represents new therapeutic and
diagnostic approach options for most patients with GBM and
provides a foundation for additional studies directed toward
further improvement in the outcome of this disease.

In conclusion, the findings of the present study suggested
that *'T-EGFR-BSA-PCL leading radioiodine therapy for
U251 and U87 cells had a good effect on in vitro and in vivo
experiments. The 'I-EGFR-BSA-PCL may provide a new
method for glioblastoma treatment.
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