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Abstract. A well‑designed nanosystem [anti‑epidermal 
growth factor receptor‑MB‑encapsulated thiol‑terminated 
si l ica nanopar ticles (EGFR/MB‑SHSi) complexes] 
containing silica nanoparticles and near‑infrared fluores-
cence dye (NIRF) methylene blue (MB) was established as 
a tumor‑targeted probe for potential lung cancer detection. 
The anti‑EGFR/MB‑SHSi complexes exhibited desirable 
and homogenous particle size, high bovine serum albumin 
stability, low hemolytic activity, neutral surface charges and 
negligible cytotoxicity in vitro. Furthermore, the results of 
confocal laser scanning microscopy and flow cytometry 
confirmed that the EGFR‑targeted function induced high and 
specific cellular uptake of anti‑EGFR/MB‑SHSi complexes. 
In  vivo investigation of nude mice bearing A549 tumor 
xenografts revealed that anti‑EGFR/MB‑SHSi complexes 
possessed strong tumor target ability. These observations indi-
cated that anti‑EGFR/MB‑SHSi complexes may be a safe and 
tumor‑targeting probe for the detection of cancer.

Introduction

Lung cancer is one of the most lethal types of cancer and the 
second most common cancer in both women and men world-
wide with a staggering 28% of the total cancer‑associated 
mortality rate in the United States alone (1,2). Early detection 
of cancer is critical and is expected to contribute significantly 
to the success of cancer therapy and to the improvement of 
patients' survival rates (3). Additionally, fluorescence imaging, 
one of the optical imaging approaches, is a desirable modality 
for the early detection of cancer due to its multiplex detection 

abilities and high sensitivity, which depends on the probes 
emitting in the near‑infrared fluorescence (NIRF) spectrum 
window (wavelength, 650‑900 nm) (4). However, the applica-
tion of NIRF as a probe in cancer detection remains difficult 
because conventional NIRF organic dyes have many disadvan-
tages, including insufficient stability in biological systems and 
low detection sensitivity (5).

Nanotechnology has engendered a range of novel 
materials with unique properties, unlike their bulky counter-
parts, suggesting that these difficulties may be overcome to 
ensure effective delivery of NIRF dyes (6,7). Furthermore, 
numerous uses of nanoparticles, including micelles, 
polymer nanoparticles, liposomes, iron oxide nanoparticles 
and silica nanoparticles have been reported for NIRF dye 
delivery (8‑12). Such nanostructured materials may protect the 
NIRF dyes from environmental degradation and at the same 
time greatly increase dye loading and uptake into tumor sites 
and reduce nonspecific damage to normal tissues over free 
photosensitizers by means of the ‘enhanced permeability and 
retention effect’ (13). Furthermore, these advantages can be 
further enhanced by modifying the nanoparticles with certain 
targeting ligands (13,14).

Methylene blue (MB) is considered to be one of the most 
inexpensive commercially available NIRF probes and has 
been widely used in the field of bioanalysis (15). However, 
its application in cancer detection is limited largely due to its 
molecular structure as it lacks reactive functional groups is 
highly hydrophilicity, which makes it difficult to conjugate 
or effectively incorporate MB into conventional nanopar-
ticles, such as micelles and liposomes (16). Previously, silica 
nanoparticles have emerged as a preferable carrier. Compared 
with polycations, there is little concern about their toxicity. In 
contrast to liposomes, the inorganic nanoparticles should be 
resistant to lipases and bile salts encountered in the gastroin-
testinal tract, physical stress during aerosolization and should 
withstand autoclaving, in principle (17). In addition, the silica 
nanoparticles can also be easily tailored to meet various 
requirements during NIRF dye delivery (18), indicating their 
flexibility.

In the present study, silica nanoparticles were initially 
modified to achieve thiol‑terminated silica nanopar-
ticles (MB‑SHSi) that were employed to encapsulate MB. 
Subsequently, epidermal growth factor receptor (EGFR), 
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a clinically related cancer biomarker that occurs in most 
epithelial‑cell cancers and is a suitable target for cancer detec-
tion and treatment (19‑21), was conjugated to the MB‑SHSi to 
formulate anti‑EGFR/MB‑SHSi complexes. It is expected that 
the anti‑EGFR/MB‑SHSi complexes may serve as a biocom-
patible probe to selectively detect lung cancer in a mouse 
model.

Materials and methods

Materials. MB, Triton X‑100, tetraethyl orthosilicate (TEOS), 
(3‑mercaptopropyl)‑trimethoxysilane (MPTMS), bovine 
serum albumin (BSA), Dulbecco's modified Eagle's medium 
(DMEM) and MTT were purchased from Sigma‑Aldrich 
(Merck KGaA, Darmstadt, Germany). Anti‑EGFR monoclonal 
antibodies (host mouse; cat. no. sc‑80543) were purchased 
from Santa Cruz Biotechnology Inc., (Santa Cruz, CA, USA). 
All other regents were of analytical grade and provided by 
Shanghai Chemical Co., (Shanghai, China).

Cell culture. The human lung carcinoma cell line (A549) 
was purchased from the Cell Bank of Shanghai Institute of 
Biochemistry and Cell Biology, Chinese Academy of Sciences 
(Shanghai, China) and cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare 
Bio‑Sciences, Pittsburgh, PA, USA), 100 U/ml penicillin and 
100 µg/ml streptomycin in a humidified atmosphere of 95% 
air/5% CO2 in an incubator at 37˚C. All experiments were 
performed on cells in the logarithmic growth phase.

Animal model. A total of 50 male BALB/c nude mice (age, 
5 weeks; weight, 20‑22 g) were purchased from Shanghai 
Laboratory Animal Center (Shanghai, China), housed in a 
specific‑pathogen‑free laboratory with a 12 h light/dark cycle, 
temperature of 25˚C and humidity of 50%, and were given 
free access to food and water. All procedures were conducted 
in compliance with the institutional and NIH guidelines for 
the care and use of research animals of The First Affiliated 
Hospital of Anhui Medical University (Hefei, China). 
Tumor‑bearing mice were produced by inoculating a suspen-
sion of A549 cells (2x106 cells in 0.2 ml physiological saline) 
subcutaneously into the left flank and used for studies when 
the tumor volume reached 80‑100 mm3. This was calculated 
via the following formula: Tumor volume: (W2xL)/2, where 
W and L are the shortest and longest diameters, respectively.

Preparation of anti‑EGFR/MB‑SHSi complexes. MB‑SHSi 
were directly synthesized based on a previous report with 
minor modifications (18) and using the synchronous hydro-
lysis of TEOS and MPTMS in a water‑in‑oil microemulsion. 
Briefly, a water‑in‑oil microemulsion containing MB was 
prepared by mixing 7.5 ml cyclohexane, 1.8 ml Triton X‑100, 
1.6 ml n‑hexanol and 480 µl MB solution (0.005 mol/l). After 
stirring for 30 min, 60 µl MPTMS and 180 µl TEOS were 
added as precursors for silica matrix formation, followed 
by the addition of 100 µl NH4OH to initiate polymerization, 
and the reaction was left for 24 h at room temperature. After 
the reaction was complete, the MB‑SHSi nanoparticles were 
precipitated by the addition of ethanol and washed with water 
and ethanol several times in order to remove the excess dye 

molecules and surfactants from the particles. Furthermore, the 
particle size and zeta potential of MB‑SHSi were measured 
by a Dynamic Light Scattering Analyzer (Brookhaven 
Instruments Corporation, Holtsville, NY, USA) and a 
ZetaPlus Zeta Potential Analyzer (Brookhaven Instruments 
Corporation), respectively. The morphology of the MB‑SHSi 
was further visualized using transmission electron microscopy 
(JEM‑1230; JOEL, Tokyo, Japan).

Anti‑EGFR/MB‑SHSi complexes were prepared according 
to the method described by Sokolov et al (22). Briefly, the 
MB‑SHSi were diluted in 20 mM HEPES buffer (pH 7.4) to 
a final concentration of 1 mg/ml. In total, 50 µl anti‑EGFR 
monoclonal antibodies (1:500) were diluted in 500 µl of the 
same HEPES buffer. Subsequently, 10 ml of the Au solution 
prepared above was mixed with the diluted antibody solu-
tion for 20 min. A total of 0.5 ml polyethyleneglycol (1%; 
molecular weight, 4,000) was added to the mixture to prevent 
aggregation, and the solution was centrifuged at 7,500 x g at 
25˚C, for 18 min. The anti‑EGFR/MB‑SHSi complexes were 
redispersed in PBS buffer (pH 7.4) and stored at 4˚C until 
subsequent use.

Particle size, zeta potential measurement and morphology 
observation. The particle size and zeta potential of 
anti‑EGFR/MB‑SHSi complexes were measured in triplicate 
by dynamic light scattering using a Malvern Zetasizer (Nano 
ZS‑90; Malvern Instruments Ltd., Malvern, UK) at 25˚C with 
a 90˚ scattering angle, according to the manufacturer's instruc-
tions. Morphology observation was conducted by transmission 
electron microscopy (Hitachi, Ltd., Tokyo, Japan) at an accel-
erating voltage of 80 kV, according to the manufacturer's 
instructions.

Biocompatibility assays
BSA challenging assay. Anti‑EGFR/MB‑SHSi complexes 
were incubated with various BSA solutions (pH 7.4) for 1 h 
at 37˚C. Alterations in turbidity at 350 nm were monitored 
using a spectrophotometer (Hitachi, Ltd.), as reported 
previously (13).

Hemolysis test. Whole rat blood samples were collected to 
evaluate the hemolysis of specimens. Furthermore, 0.06 ml 
anticoagulated rat blood was added to 3 ml of i) 0.9% NaCl 
solution containing different specimens (anti‑EGFR/MB‑SHSi 
complexes with various concentrations); ii)  PBS [0.01  M 
(pH 7.4), negative control]; and iii) water (positive control). 
Subsequently, the contents of the tubes were gently mixed 
and placed in a water bath at 37˚C. Following incubation for 
1 h, the suspension was centrifuged at 2,500 x g at 25˚C, for 
10 min and the absorbance of the supernatant of each tube 
was measured by ultraviolet spectroscopy (Hitachi, Ltd.) at 
545 nm. Samples were run in triplicate (16).

Cytotoxicity assay. The cytotoxicity of anti‑EGFR/MB‑SHSi 
complexes was evaluated using the standard MTT assay. 
Human pulmonary carcinoma A549 cells were seeded at 
1.0x104 cells/well into 96‑well plates and cultured with DMEM 
medium supplemented with 10% FBS at 37˚C and in a 5% CO2 
environment overnight until they reached 70‑80% confluence. 
The primary growth medium was replaced by 200 µl of fresh 
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serum‑free DMEM medium, to which anti‑EGFR/MB‑SHSi 
complexes were added to achieve various concentrations 
ranging from 10 to 1,000 µg/ml. Plates were then returned to 
the incubator for another 24 h. After which, 20 µl of 5 mg/ml 
MTT solution in PBS was added to each well for an additional 
4‑h incubation. Subsequently, the medium was carefully 
removed and replaced by 150 µl DMSO and measured at 
570 nm using a microplate reader (EL800; BioTek Instruments 
Inc., Winooski, VT, USA). Untreated cells were used as a 
control with 100% viability.

In vivo long‑term toxicity. Ordinary BALB/c nude mice were 
randomly divided into two groups: i) Saline (control) and 
ii) anti‑EGFR/MB‑SHSi complexes. Both formulations were 
administrated once daily over a period of 14 days. Following 
administration, mice were sacrificed and the main organs 
were subjected to hematoxylin and eosin (H&E) staining and 
observed under an optical microscope (IX51; Olympus Corp., 
Tokyo, Japan).

In  vitro cellular uptake and competitive inhibition 
experiments. A549 cells were cultured on six‑well plates as 
mentioned. MB‑SHSi and anti‑EGFR/MB‑SHSi complexes 
were co‑incubated with the cells for 2 h. To further determine 
the EGFR‑mediated internalization of anti‑EGFR/MB‑SHSi 
complexes, A549 cells were pretreated with excess free anti-
bodies before the addition of anti‑EGFR/MB‑SHSi complexes. 
Subsequently, the cells were fixed with 4% paraformaldehyde 
for 15 min and treated with 4',6‑diamidino‑2‑phenylindole 
(DAPI) for another 15 min for nucleus staining. Fluorescence 
images were visualized and captured by confocal laser scan-
ning microscopy (CLSM; Leica TCS SP5; Leica Microsystems 
GmbH, Wetzlar, Germany) and the fluorescence intensity was 
quantitatively analyzed by flow cytometry (BD Biosciences, 
Franklin Lakes, NJ, USA).

In vivo tumor imaging. A549 tumor‑bearing nude mice with a 
tumor volume of 80‑100 mm3 [calculated as: Tumor volume: 
(L x W2)/2] were administered intravenously with MB‑SHSi 
and anti‑EGFR/MB‑SHSi complexes in order to verify the 
tumor target ability of different nanoparticles. In vivo imaging 
and tumor target ability efficacy of nanoparticles were 
evaluated using an in vivo imaging system (FXPRO; Kodak, 
Rochester, NY, USA) equipped with NIR filter sets (excita-
tion/emission, 680/790 nm).

Statistical analysis. Data are presented as the mean ± stan-
dard deviation. Statistical significance was assessed using 
a two‑tailed Student's t‑test or one‑way analysis of variance 
using Origin 8.0 (OriginLab Corporation, Northampton, MA, 
USA). P<0.01 was considered to indicate a statistically signifi-
cant difference.

Results and Discussion

Preparation of anti‑EGFR/MB‑SHSi complexes. The reverse 
water‑in‑oil micro‑emulsion containing innumerable nano-
sized water pools is an ideal place for a diameter‑controlled 
reaction (23). When the MB‑SHSi were formed, MB was 
incorporated into MB‑SHSi by means of physical absorption 

and/or chemical embedment to formulate MB‑SHSi. After the 
formation of MB‑SHSi, anti‑EGFR monoclonal antibodies 
were added and the thiol groups of anti‑EGFR monoclonal 
antibodies were expected to form a disulfide bond with 
MB‑SHSi and construct anti‑EGFR/MB‑SHSi complexes.

Particle size, zeta potential measurement and morphology 
observation. Particle size and zeta potential are two of the 
most important parameters that affect the performance 
of nanoparticles. As a result, an ideal delivery system is 
required to be carefully tuned in order to achieve the optimal 
therapeutic effect in cancer treatment. Multiple studies 
have demonstrated that the biodistribution behavior and 
cellular uptake efficiency of nanoparticles are relevant to 
their particle size and zeta potential (24,25). In general, a 
smaller size usually leads to preferable cellular uptake and a 
superior therapeutic effect of particles, as they can be readily 
recognized and transported by the corresponding receptor or 
channel (26). As displayed in Fig. 1, anti‑EGFR/MB‑SHSi 
complexes had a nanoscale size of ~100 nm with a neutral 
surface charge. Transmission electron microscopy images 
further demonstrated that anti‑EGFR/MB‑SHSi complexes 
were spherical in shape and had a compacted structure with 
good dispersity.

Figure 1. (A)  Particle size, morphology and (B)  zeta potential of 
anti‑EGFR/MB‑SHSi complexes. Scale bar, 100 µm. EGFR, epidermal 
growth factor receptor; MB‑SHSi, MB‑encapsulated thiol‑terminated silica 
nanoparticles.
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Biocompatibility assays. The application of a probe for cancer 
detection necessitates safety profiles, including BSA challenge, 
hemolysis and cytotoxicity. The circulatory system comprises 
many negatively charged serum proteins (such as albumin) 
that may be absorbed into nanoparticles and induce immediate 
toxicity. In the present study, BSA was used to mimic the 
negatively charged serum proteins to evaluate the stability 
of anti‑EGFR/MB‑SHSi complexes. As depicted in Fig. 2A, 
anti‑EGFR/MB‑SHSi complexes exhibited a low absorption 
value with negligible turbidity change as the BSA concen-
trations increased, as evidenced by the invariant OD350nm. 
Therefore, the anti‑EGFR/MB‑SHSi complexes did not display 
significant hemolytic activity at all concentrations tested (<3%), 
which indicated that anti‑EGFR/MB‑SHSi complexes would 
be non‑toxic towards erythrocytes after intravenous adminis-
tration. The hemolysis test was also conducted to verify the 
safety profiles of anti‑EGFR/MB‑SHSi complexes (Fig. 2B). 
The results obtained from the cytotoxicity assay in Fig. 2C 
demonstrated that A549 cells treated with various concentra-
tions of anti‑EGFR/MB‑SHSi complexes, even at the highest 
one of 1,000 µg/ml, yielded a similar viability to the control 
(untreated cells). In the long‑term toxicity assay, after 14 days 
of continuous injection of anti‑EGFR/MB‑SHSi complexes, 
the main organs of mice were excised for H&E staining.

As displayed in Fig. 3 and compared to the saline group, all 
the organs from anti‑EGFR/MB‑SHSi complexes were normal 
and without any pathological changes. Overall, the above 
results provided decisive evidence that anti‑EGFR/MB‑SHSi 
complexes may be safely used as a probe that can be employed 
for in vivo application.

In vitro cellular uptake and competitive inhibition experi‑
ments. As shown in Fig.  4A, CLSM observations at 2  h 
indicated red fluorescence signals in the cytoplasm of A549 
cells (blue signal from DAPI indicated the location of nucleus), 
which was attributed to MB, suggesting that both MB‑SHSi 
and anti‑EGFR/MB‑SHSi complexes successfully entered 
the cells. Notably, the fluorescence signal gradually became 
stronger as the incubation time increased, indicating that 
the intracellular uptake of the nanoparticles increased in a 
time‑dependent manner. However, under the same conditions, 
anti‑EGFR/MB‑SHSi complexes exhibited a higher intensity 
when compared with MB‑SHSi.

Flow cytometry was used to quantitatively analyze intra-
cellular uptake, as presented in Fig. 4B. The fluorescence 
intensity of anti‑EGFR/MB‑SHSi complexes was ~5.74‑fold 
higher than that of MB‑SHSi after incubation for 2 h. In a 
competitive experiment, A549 cells were treated with free 

Figure 2. (A) Bovine serum albumin challenging assay, (B) hemolysis test and (C) cytotoxicity assay of anti‑EGFR/MB‑SHSi complexes. Data were expressed 
as mean ± standard deviation (n=5). EGFR, epidermal growth factor receptor; MB‑SHSi, MB‑encapsulated thiol‑terminated silica nanoparticles; OD, optical 
density.

Figure 3. Hematoxylin and eosin staining images (magnification, x200) of main organs from mice administered with (A) saline and (B) anti‑EGFR/MB‑SHSi 
complexes. EGFR, epidermal growth factor receptor; MB‑SHSi, MB‑encapsulated thiol‑terminated silica nanoparticles.
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antibodies prior to incubation with the nanoparticles in order 
to investigate the mechanism of internalization. Fluorescence 

microscopy and flow cytometry demonstrated a decrease 
in the fluorescence intensity in tumor cells pretreated with 
antibodies compared with the untreated cells. This result 
indicates that the free antibodies were able to competi-
tively bind to EGFR receptors and block the binding of 
anti‑EGFR/MB‑SHSi complexes to these receptors, which 
confirmed that a receptor‑mediated pathway was utilized to 
traffic the nanoparticles into cells.

In  vivo tumor imaging. The in  vivo biodistribution of 
anti‑EGFR/MB‑SHSi complexes in tumor‑bearing nude mice 
was investigated using a non‑invasive real‑time in vivo imaging 
technique to test the potential utility of anti‑EGFR/MB‑SHSi 
complexes as a probe in detecting A549 lung cancer. As 
displayed in Fig.  5, compared with MB‑SHSi, at 1  h post 
injection, anti‑EGFR/MB‑SHSi complexes were rapidly accu-
mulated at the tumor site. Higher accumulation and retention of 
anti‑EGFR/MB‑SHSi complexes within the tumor region were 
detected at 3 h post injection. At 6 h, the anti‑EGFR/MB‑SHSi 
complexes were clearly retained in the tumor site with a further 
increase in fluorescence intensity, while the fluorescence 
intensity in the MB‑SHSi group was marginally stronger than 
that of the anti‑EGFR/MB‑SHSi complexes at 1 h. The supe-
rior tumor target ability of anti‑EGFR/MB‑SHSi complexes 
might be ascribed to a combination of an EPR effect  (23) 

Figure 4. (A) Confocal laser scanning microscopy images of the cellular uptake profile of MB‑SHSi and anti‑EGFR/MB‑SHSi complexes pretreated with 
or without antibody at 2 h post incubation. (B) Representative flow cytometry analysis of MB‑SHSi and anti‑EGFR/MB‑SHSi complexes pretreated with 
or without antibody at 2 h post incubation. Scale bar, 20 µm. EGFR, epidermal growth factor receptor; MB‑SHSi, MB‑encapsulated thiol‑terminated silica 
nanoparticles.

Figure 5. In vivo real‑time imaging of (A) MB‑SHSi and (B) anti‑EGFR/ 
MB‑SHSi complexes at different time intervals. EGFR, epidermal growth 
factor receptor; MB‑SHSi, MB‑encapsulated thiol‑terminated silica 
nanoparticles.
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and EGFR‑mediated uptake mechanism. Furthermore, 
these observations provided decisive evidence that the 
anti‑EGFR/MB‑SHSi complexes designed in the present study 
were suitable as a tumor‑specific probe for cancer detection.

In conclusion, a well‑designed nanosystem using 
anti‑EGFR/MB‑SHSi complexes was successfully devel-
oped in the present study as a probe for cancer detection. 
The anti‑EGFR/MB‑SHSi complexes, which had a diameter 
of ~100 nm and a neutral surface charge, demonstrated low 
protein absorption and hemolytic activity in  vitro with 
negligible cytotoxicity both in vitro and in vivo. Overall, the 
anti‑EGFR/MB‑SHSi complexes exhibited EGFR‑mediated 
cellular uptake behavior, which contributes to its specific 
tumor‑targeting profile in vivo. Therefore, anti‑EGFR/MB‑SHSi 
complexes with both high biocompatibility and target ability may 
be employed as a potential probe for in vivo cancer detection.
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