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Multifunctional theranostic materials with good biocompatibility are the desired features of cancer 

imaging and therapy. In this paper, a glioma-specific theranostic agent is prepared by using Chlorotoxin 

fusion protein GST-CTX (gCTX) as a template to direct the synthesis of Au nanoclusters (NCs). By 

trapping the Au NCs in the gCTX, the prepared Au@gCTX NCs show ultrasmall size with hydrodynamic 10 

diameter of ~2.2 nm and exhibit red-emitting fluorescence with quantum yield of approximately 

6.5%.The investigation from confocal fluorescent microscopy reveals the bright fluorescence and high 

specificity of the Au@gCTX NCs to label glioma cells through binding to membrane-bound matrix 

metalloproteinase 2 (MMP-2). Gelatin Zymography, MTT cell viability assay and flow cytometry studies 

further exhibit that the Au@gCTX NCs can inhibit the enzymatic activity of MMP-2 and cancer 15 

proliferation by elevating intracellular ROS levels, and without harmful to normal cells. Our results 

suggest an efficient method for the synthesis of multifunctional theranostic agent for the treatment of 

cancer. 

Introduction 

Gliomas are currently the most common and lethal type of 20 

primary brain tumor for which effective diagnostics and treatment 

strategies are currently lacking. Because of the poor visual 

contrast between neoplastic and normal brain tissue, the 

effectiveness of tumor resection in neurosurgery is severely 

limited.1 Although there are some advances in chemo and 25 

radiation therapy regimens, the median survival of glioma 

patients has been unaltered in the last 20 years.2 In recent years, 

cancer treatment which combines medical imaging and targeted 

therapy in a single entity has drawn strong interest and much 

attention.3 Considerable efforts have been directed towards the 30 

fabrication of theranostic agents based on various nanomaterials 

such as quantum dots, magnetic nanoparticles, and plasmonic 

nanoparticles, etc.4-7 These nanoscale theranostic agents have the 

potential to integrate the tumor detection and treatment, and 

enable real-time visualization of therapeutic biodistribution. 35 

However, much more work needs to be done to combat the 

inherent toxicity of these nanoscale agents before translation into 

clinical use. In addition, the agents with large size (over 20 nm) 

often suffer from high reticuloendothelial system (RES) uptake, 

which may reduce their efficiency and sensitivity.7 Therefore, 40 

there is still a great demand for small and biocompatible 

theranostic agents to achieve the combination of cancer imaging 

and therapy. 

Chlorotoxin (CTX), a widely studied peptide neurotoxin, has 

been proven to be a highly efficient glioma targeting molecule for 45 

both tumor labeling and therapy. Unlike other labeling ligands 

specific only to certain types of glioma cells, CTX is a unique 

peptide which can specifically target the vast majority of glioma 

tumors with MMP-2 as the receptor.6 Typically, CTX-I131 

conjugates have already been used in phase I/II clinical trials for 50 

tagging gliomas in surgical resection.8 Conjugates based on CTX 

and fluoresceins such as dyes,9, 10 quantum dots,6 and rare-earth 

nanoparticles11 have also been presented to trace gliomas in vitro 

and in vivo. In addition, CTX can also act as an effective inhibitor 

with significant therapeutic potential for the diseases that 55 

regulates the activity of MMP-2.9 It has been reported that CTX 

conjugated iron oxide nanoparticles can inhibit the glioma cell 

invasion via MMP-2.12 Furthermore, CTX fusion protein with N-

terminal Polyhistidine tag (his6)8,14 and Glutathione S-transferase 

tagged (GST)13 have also exhibited the ability to selectively bind 60 

the gliomas and inhibit the cancer cell invasion. 

On the other hand, noble metal nanoclusters (NCs) (e.g., Au) 

have been regarded promising fluorescent agents for medical 

bioimaging due to their low toxicity, bright fluorescence, as well 

as ultrasmall particle size (usually less than 2 nm)  in comparison 65 

with other commonly used nanoparticles. Especially, these 

ultrasmall particles will be benefit for glioma imaging across the 

blood-brain barrier (BBB).14-16 There are several methods for 

synthesizing fluorescent Au NCs have been reported.17-29 Among 

them, one important kind of method involves the usage of 70 

biomolecules such as dendrimers,18-21 proteins,22-28 and DNA29 as 

templates to synthesize the Au NCs. The introduction of 

biomolecules in the synthesis of Au NCs can make the procedure 
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green and the products capped with biomolecules show increased 

biocompatibility to living species. 

In this work, we employ CTX fusion protein GST-CTX (gCTX) 

as a template to direct the synthesis of the Au NCs at the 

physiological temperature (37 °C). The resulting Au@gCTX NCs 5 

not only have intense red fluorescence maximized at 620 nm, but 

also retain the bioactivity of the gCTX to label the gliomas and 

inhibit the tumor proliferation and MMP-2 activity. Cellular 

uptake studies, Gelatin Zymography, MTT cell viability assay, 

and flow cytometry have been performed to assess their ability to 10 

act as robust theranostic agents to glioma treatment. 

Results and Discussion 

Physicochemical characterization of Au@gCTX NCs 

The CTX nucleotide sequence was generated from the natural 

CTX peptide by an overlapping PCR method (see Table 1). The 15 

recombinant gCTX protein was cloned, expressed and purified by 

the strategy reported by our group previously.11 The synthesis 

process of the Au@gCTX NCs was similar to the 

biomineralization behavior of organisms in nature.26 As the 

functional template, the CTX fusion protein (gCTX) sequestered 20 

and interacted with the gold ions, and provided scaffolds for 

cluster formation (see Fig. 1a). Through adjusting the pH to ∼12, 

the entrapped ions underwent progressive reduction to form Au 

NCs in situ. The Au NCs were stabilized within CTX fusion 

protein as the Au@gCTX NCs. 25 

High resolution transmission electron microscopy (HRTEM) is 

utilized to investigate the morphology of the Au@gCTX NCs. As 

shown in Fig. 1b, the Au@gCTX NCs are appeared to be spheres 

in shape and homogeneously distributed with size of 

approximately 2.0 nm. Their hydrodynamic diameter was further 30 

measured by Dynamic Light Scattering (DLS). As shown in Fig. 

1c, the average hydrodynamic diameter of the Au@gCTX NCs is 

only 2.2 nm, which is just a little larger than the size observed 

through the HRTEM, suggesting that the Au@gCTX NCs have 

very good dispersibility in water solution. These results confirm 35 

that Au NCs possess an ultrasmall particle size.27, 28 
The oxidation state of the Au@gCTX NCs is determined by X-

ray photoelectron spectroscopy (XPS). A shown in Fig. 1d, the 

observed binding energy values for Au NCs show Au 4f7/2 ~83.5 

eV and Au 4f5/2 ~87.2 eV, which are blue-shifted in comparison 40 

with those of Au3+ (86.3 eV and 89.4 eV).22 It indicates that most 

of the Au ions have been reduced to the Au atoms.  

The Fourier transform infrared spectroscopy (FTIR) spectra of 

the gCTX and Au@gCTX NCs are shown in Fig. 1e. The 

characteristic amide I band at 1670 cm−1is as expected for a 45 

protein with a high proportion of α-helix. The band appearing at 

1446 cm−1 is attributed to the strong primary amine scissoring, 

whereas the band centered at 3430 cm−1 is attributed to the 

primary amines. The band appearing at 2929 cm−1 corresponds to 

C-H vibration. It can be observed that the FTIR characteristics of 50 

the gCTX and Au@gCTX NCs are almost same. This finding 

indicates that no modification of the surface electric property of 

the gCTX has occurred in the synthesis of the Au@gCTX NCs. 

Optical properties of Au@gCTX NCs 

The optical properties of the Au@gCTX NCs are displayed in 55 

Fig. 2. Under a ultraviolet (UV) light irradiation, the deep brown  

Table 1 The primers of overlapping PCR for the synthesis of CTX gene. 

 

Name Sequence(5’-3’) 

FP1 
CGTAAATGTGACGATTGCTG 

TGGTGGCAAAGGTCGTGGTA 
AATGCTACGG 

FP2 
GCCGGATCCCCGATGACGAT 

GACAAAATGTGTATGCCGTG 
CTTCACTACC 

RP1 
CAATCGTCACATTTACGTGC 

CATCTGGTGATCGGTAGTGA 
AGCACGGCAT 

RP2 
GCCCTCGAGTCAACGGCACA 

GACACTGCGGACCGTAGCAT 
TTACCACGAC 

 

 

 60 

Fig. 1 (a) Schematic of the formation of Au@gCTX NCs. (b, c, d) 

HRTEM image (b), DLS histogram(c), and XPS data (d) of Au@gCTX 

NCs. (e) FTIR spectra of Au@gCTX NCs and gCTX powders. 

solution of the Au@gCTX NCs emitintense red fluorescence.In 

contrast, the free gCTX solution show weak blue fluorescence, 65 

which is characteristic of the aromatic side groups in the amino 

acid residues.30 Under a370 nm light excitation, the Au@gCTX 

NCs exhibit one emission peaked at approximately 620 nm, while 

the free gCTX shows no such emission. The quantum yield of the 

Au@gCTX NCs has been determined by using rhodamine as the 70 

reference. It is found that their quantum yield is approximately 

6.5%, which is a little higher than the Au@BSA NCs synthesized 

using the same method.26 The photostability of the Au@gCTX 

NCs is further tested. When the water solution of the Au@gCTX 

NCs is continually exposed to a 375 nm Xe lamp for over 1 h, no 75 

reduction can be found in the emission intensity, demonstrating 

their good photostability. 
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Fig. 2(a) Emission spectra (λex=370 nm) of Au@gCTX NCs. The inset is 

the photographs of the solutions of Au@gCTX NCs and gCTX under 

white light (up) and UV light (down) irradiation. (b) Photostability test of 

Au@gCTX NCs under a 375 nm light excitation for 60 min. 

The gel electrophoresis experiments of the Au@gCTX NCs have 5 

been performed by using the Au@BSA NCs as the control 

sample (see Fig. 3). DNA Marker and DNA (Lane M and Lane 1) 

has been used to verify the agarose gel system. The aqueous 

HAuCl4 (Lane 2), BSA (Lane 3) and gCTX (Lane 4), which are 

the raw materials in the nanocluster synthesis, show no 10 

fluorescence under the UV light irradiation. In contrast, the 

Au@BSA NCs (Lane 5) and Au@gCTX NCs (Lane 6) exhibit 

bright fluorescence. It can be observed that the Au@gCTX NCs 

move faster than the Au@BSA NCs in the gel electrophoresis. 

The bright fluorescence of the Au@gCTX NCs further confirms 15 

that the Au NCs have successfully been trapped in the gCTX 

protein. 

Specific imaging of cancer cells with Au@gCTX NCs 

To investigate the targeting ability of the Au@gCTX NCs to 

glioma cells, three sets of cell imaging experiments were 20 

performed (see Fig. 4). One experimental group was set as to 

exploit the positive absorbance, a negative group trial and a 

competitive group trial were set as controls. First of all, C6 

glioma cells were treated with the Au@gCTX NCs and 

Au@BSA NCs, which were set as the targeted specificity group 25 

and non-specific group, respectively. In another set of 

experiment, a competed experiment was used as a further proof to 

 
Fig. 3 Agarose gel electrophoresis of Au@gCTX NCs under white light 

(a) and UV light (b) irradiation. The samples added in the lane from left to 30 

right are as the followings: M: DNA Marker; 1: DNA (140bp); 2: HAuCl4; 

3: BSA; 4: gCTX; 5: Au@BSA NCs; 6: Au@gCTX NCs. 

 
Fig. 4 Confocal fluorescent microscopy imaging in C6 glioma cells with 

Au@gCTX NCs(a), Au@BSA NCs(b),and Au@gCTX NCs with 5 times 35 

fold molar excess gCTX(c). 

illuminate the gCTX-mediated target delivery by treating the 

same batch of C6 cells with both the Au@gCTX NCs and 5 times 

fold molar excess free gCTX. 

As shown in Fig. 4, the bright-field images, red fluorescence 40 

images, dark-field blue fluorescence images of nucleus, and the 

overlay images are presented from left to right. Fig.4a shows the 

result of the Au@gCTX NCs targeted group, which clearly 

exhibit that bright red fluorescence surrounded the blue nucleus 
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 Fig. 5 Gelatin Zymography about MMP-2 activity ofC6 glioma cells, 

which were treated with (1) PBS, (2) CTX peptide, (3) gCTX protein, (4) 

Au@gCTX NCs, and (5) Au@BSA NCs. 

in the C6 cells, indicating that some of the Au@gCTX NCs have 

crossed the cell membrane and entered into the cytoplasm, and 5 

some have accumulated near the perinuclear region. Fig. 4b 

shows the result of C6 glioma cells incubated with the Au@BSA 

NCs, showing very low red fluorescence, which may be 

nonspecific uptake in nature. Fig. 4c shows the result of the 

competitive test by using 5 times fold molar excess free gCTX. It 10 

can be observed that almost no fluorescence in the C6 cells can 

be observed, which demonstrate that the specific binding of the 

Au@gCTX NCs was competitively inhibited. These results 

indicate that the Au@gCTX NCs can target C6 glioma cells with 

high specificity. It is well known that CTX is a chloride channel 15 

blocker31 to bind specifically to MMP-2 associated with the 

channels.9 The MMP-2 is reported to be upregulated in many 

types of cancer, which appeared to be a correlation between the 

level of MMP-2 expression and poor outcome of the disease.32-38 

Therefore, the Au@gCTX NCs may also be specific to other 20 

cancer with high level of MMP-2 expression. 

Inhibitory capability to MMP-2 activity 

It is known that CTX and gCTX have remarkable anti-invasive 

effect for gliomas by reducing MMP-2 expression on glioma cell 

membranes and suppressing the proteolytic activity of MMP-2 25 

through binding to MMP-2.9-11, 39-41 Here, the inhibitory effect of 

the Au@gCTX NCs to the MMP-2 activity is tested by using 

Gelatin Zymography (see Fig. 5). The blank control C6 cell line 

shows a high level of MMP-2 activity in the conditioned medium 

after starvation culture (Line 1). The CTX peptide and gCTX 30 

fusion protein significantly inhibit the secretory MMP-2 activity 

as the positive controls (Line 2 and Line 3, respectively). Similar 

to the positive controls, the Au@gCTX NCs also inhibit the 

secretory MMP-2 activity (Line 4), but the Au@BSA NCs do not 

present obvious inhibitory activity (Line 5). These results 35 

demonstrate that the Au@gCTX NCs retain the bioactivity of 

gCTX, and have the similar inhibitory capability of secretory 

MMP-2 activity as the gCTX.42 It suggests that the Au@gCTX 

NCs can interact with this entire protein complex which is 

correlated with tumor invasion, neovascularization, and 40 

metastasis of gliomas.  

Inhibitory capability to glioma cell growth 

MTT assay is used to investigate the inhibitory capability of the 

Au@gCTX NCs to the C6 glioma cell proliferation (see Fig. 6a). 

The C6 cells were incubated for 24 h with medium containing 45 

various concentrations (60, 170, 500, 1500 µg/mL) of the  

Fig. 6 In vitro viability of C6 glioma cells (a) and normal NIH3T3 cells(b) 

treated with Au@gCTX NCs, Au@BSA NCs, and free gCTX protein at 

60, 170, 500, 1500 µg/mL of protein for 24 h incubation. 

Au@gCTX NCs, and the Au@BSA NCs and free gCTX protein 50 

were employed as controls. It can be observed that the 

Au@gCTX NCs efficiently inhibit the growth of the C6 glioma 

cells with the inhibition rate of 42.23± 1.51%, while the 

Au@BSA NCs and free gCTX with the same concentration show 

no such effect. The MTT assay results suggest that the 55 

Au@gCTX NCs have the cytostatic activity, which can shift 

cancer cells from proliferation to quiescence.43, 44 

The cytotoxicity of the Au@gCTX NCs, Au@BSA NCs and free 

gCTX protein to normal cells was further tested by incubating 

them with NIH 3T3 cells for 24 h (see Fig. 6b). Similar with the 60 

Au@BSA NCs and free gCTX protein, the Au@gCTX NCs are 

not toxic to NIH 3T3 cells even at the high concentration of 1500 

µg/mL, which is the concentration can efficiently inhibit the C6 

glioma cell proliferation. It demonstrates that the Au@gCTX 

NCs can specifically inhibit cancer cell proliferation without 65 

harmful to normal cells. 

In addition to the MTT assay, the reactive oxygen species (ROS) 

in the C6 glioma cells treated with the Au@gCTX NCs is further 

evaluated by using FACS, and the Au@BSA NCs and PBS are 

employed as controls. It is known that oxidative stress is one of 70 

the most important mechanisms governing cell death due to  
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Fig. 7(a-c) Intracellular ROS generation assay by using DCFH-DA to 

show the proportion of generating ROS in the C6 glioma cells treated 

with PBS (a), Au@BSA NCs (b), and Au@gCTX NCs (c)at 1500 µg/mL 

of protein for 48h incubation. (d) Intensity of fluorescence curves of C6 

glioma cells treated with PBS, Au@BSA NCs, and Au@gCTX NCs 5 

nanomaterial-mediated toxicity.45 The overproduction of ROS 

can lead to oxidative stress in cellular systems via a variety of 

stimuli that surpass the capacity of the intracellular antioxidant 

defense system, resulting in the damage of the cellular 

components.46 In our experiments, DCFH-DA, a reduced form of 10 

fluorescein has been used to load with the C6 cells. Because 

DCFH-DA can be converted into its fluorescent form via the 

cleavage of acetate groups by intracellular esterasesor oxidation, 

the ROS levels of the C6 cells can be analyzed by flow 

cytometry. As shown in Fig. 7, the intracellular ROS level of the 15 

C6 cells treated with the Au@gCTX NCs is 59.8%, while both 

the Au@BSA NCs and PBS result in very low intracellular ROS 

level. The results demonstrate that the elevated ROS levels are 

involved to the C6 cell death caused by the Au@gCTX NCs. The 

enhanced intracellular oxidative stress is probably ascribed to the 20 

catalytic activity of the Au NCs to the oxidation reactions,47 

which can intervene in the biological antioxidant defense 

responses, induce the mitochondrial membrane permeability, and 

damage the respiratory chain to trigger the apoptotic process, 

thereby inhibit the cell proliferation.46, 48, 49 25 

Conclusions 

In conclusion, an ultrasmall and cancer-specific theranostic agent 

with bright fluorescence and excellent gCTX bioactivity has 

successfully been prepared by using the gCTX as a template to 

direct the synthesis of the Au@gCTX NCs. The in vitro studies 30 

demonstrate their ability to not only trace the cancer cells with 

high specificity but also inhibit the enzymatic activity of MMP-2 

and cancer proliferation by elevating intracellular ROS levels, 

without harmful to normal cells. These findings suggest an 

efficient method for the synthesis of multifunctional theranostic 35 

agent for the treatment of cancer. 
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