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In Situ Detection of Live Cancer Cells by Using Bioprobes Based on Au Nanoparticles Jaemoon Yang,†,⊥,# Kilho Eom,‡,# Eun-Kyung Lim,† Jinsung Park,§ Yoonah Kang,† Dae Sung Yoon,| Sungsoo Na,§ Eui Kwan Koh,3 Jin-Suck Suh,⊥ Yong-Min Huh,*,⊥ Tae Yun Kwon,*,§ and Seungjoo Haam*,† Department of Chemical and Biomolecular Engineering, Yonsei UniVersity, Seoul 120-749, Republic of Korea, Department of Radiology, College of Medicine, Yonsei UniVersity, Seoul 120-752, Republic of Korea, Department of Mechanical Engineering, Korea UniVersity, Seoul 136-701, Republic of Korea, Nano-Bio Research Center, Korea Institute of Science & Technology (KIST), Seoul 136-791, Republic of Korea, Department of Biomedical Engineering, Yonsei UniVersity, Kangwon-do 220-740, Republic of Korea, and Nano-Bio System Research Team, Korea Basic Science Institute, Seoul 136-713, Republic of Korea ReceiVed July 10, 2008. ReVised Manuscript ReceiVed August 24, 2008 We fabricate the high-performance probes based on Au nanoparticles (AuNP) for detection of live cancer cell. AuNP were synthesized with narrow sized distribution (ca. 10 nm) by Au salt reduction method and deposited onto the aminated substrate as a cross-linker and hot spot. Herein, AuNP has enabled the easy and efficient immobilization of the antibody (Cetuximab), which can selectively interact with epidermal growth factor receptor (EGFR) on the surface of epidermal cancer, as detecting moiety onto the AuNP-deposited substrate without nanolithography process. After conjugation of Cetuximab with AuNP-deposited substrate, Cetuximab-conjugated probe as a live cancer cell detector (LCCD) could detect EGFR-highexpressed A431 cells related to epithelial cancer with 54-times larger specificity and sensitivity in comparison with EGFR-deficient MCF7 cells. This implies that AuNP-based probes demonstrate abundant potentials for detection and separation of small biomolecules, cells and other chemicals.



Introduction Nanoparticles in the biomedical field have recently been employed as probes for the sensitive detection of biomolecules related to disease because of an easy functionalization process using organic/inorganic compounds due to peculiarities on the nanoscale.1-6 In particular, monodisperse Au nanoparticles (AuNP) can be easily controlled with respect to size and conjugated with a binding moiety, which enables one to sense and detect the specific target (i.e., biomolecules and/or rare cells by variation of the surface plasmon peak).7,8 For example, oligonucleotide-functionalized nanoparticles have been introduced as an effective bioassay tool, referred to as a biobarcode assay, which allows for sensing small biomolecules such as β-amyloid related to Alzheimer’s disease and small DNA fragments associated with various diseases such as HIV (human * Corresponding authors. (Y.H.) Tel: 82-2-2228-2375. E-mail: ymhuh@ yuhs.ac.kr. (T.Y.K.) Tel: 82-2-3290-3860. E-mail: [email protected]. (S.H.) Tel: 82-2-2123-2751. E-mail: [email protected]. † Department of Chemical and Biomolecular Engineering, Yonsei University. ‡ Korea Institute of Science & Technology (KIST). § Korea University. | Department of Biomedical Engineering, Yonsei University. ⊥ College of Medicine, Yonsei University. 3 Nano-Bio System Research Team, Korea Basic Science Institute. # These authors contributed equally to this work. (1) Katz, E.; Willner, I. Angew. Chem., Int. Ed. 2004, 43, 6042. (2) Ito, Y. Soft Matter 2008, 4, 46. (3) Yang, J.; Lee, C.-H.; Ko, H.-J.; Suh, J.-S.; Yoon, H.-G.; Lee, K.; Huh, Y.-M.; Haam, S. Angew. Chem., Int. Ed. 2007, 46, 8836. (4) Medarova, Z.; Pham, W.; Farrar, C.; Petkova, V.; Moore, A. Nat. Med. 2007, 13, 372. (5) Phillips, R. L.; Miranda, O. R.; You, C.-C.; Rotello, V. M.; Bunz, U. H. F. Angew. Chem., Int. Ed. 2008, 47, 2590. (6) Sonnichsen, C.; Reinhard, B. M.; Liphardt, J.; Alivisatos, A. P. Nat. Biotechnol. 2005, 23, 741. (7) Wang, C.; Ma, Z.; Wang, T.; Su, Z. AdV. Funct. Mater. 2006, 16, 1673. (8) Pissuwan, D.; Valenzuela, S. M.; Miller, C. M.; Cortie, M. B. Nano Lett. 2007, 7, 3808.



immunodeficiency virus).9-11 Furthermore, rare stem cells, immune cells, and cancer cells contain specific markers called receptors on the cell surface, which is capable of selective binding with antibodies. These interactions between receptors and antibodies functionalized on a nanoparticle probe has made it possible to detect or separate the target cells with high specificity.3 In this letter, we developed a very efficient live cancer cell detector (LCCD) based on AuNP that is able to sensitively detect and quantify live epithelial cancer cells by using optical imaging. For the fabrication of LCCD, AuNP’s were deposited on the aminated substrate by electrostatic adsorption. Herein, AuNP plays two key roles as (1) a cross-linker between the substrate and antibody as a binding moiety and (2) a hot spot responsible for increasing the surface area without a nanolithography process.12 For the immobilization of biomolecules such as DNA or antibody onto substrate, in general, the conventional patterning process requires arduous work.13,14 Therefore, detecting a small quantity of a moiety that can be easily and quickly immobilized onto the substrate by using AuNP results in an enhancement of cellular affinity for the sensitive detection of live cancer cells. A chimeric monoclonal antibody, Cetuximab (CET) as a detecting moiety, for epidermal growth factor receptor (EGFR) on the surface of epidermal cancer cells, was conjugated to AuNP deposited on the substrate (Figure 1). Thus, the capability and the potential of CET-conjugated substrate to function as an LCCD were investigated with respect to the specific and effective detection of epidermal cancer cells. (9) Keating, C. D. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 2263. (10) Nam, J. M.; Stoeva, S. I.; Mirkin, C. A. J. Am. Chem. Soc. 2004, 126, 5932. (11) Stoeva, S. I.; Lee, J.-S.; Thaxton, C. S.; Mirkin, C. A. Angew. Chem., Int. Ed. 2006, 45, 3303. (12) Zheng, J.; Chen, Z.; Liu, Z. Langmuir 2000, 16, 9673. (13) Basnar, B.; Xu, J.; Li, D.; Willner, I. Langmuir 2007, 23, 2293. (14) Liu, X.; Fu, L.; Hong, S.; Dravid, V. P.; Mirkin, C. A. AdV. Mater. 2002, 14, 231.
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Figure 1. Schematic illustration of the live cancer cell detector (LCCD) based on AuNP, which was bound to the surface of an aminefunctionalized siliconized glass slide (aminated SGS). Subsequently, anti-EGFR antibody, Cetuximab (CET) as a binding moiety, was attached to AuNP-SGS, leading to the establishment of LCCD, allowing the specific detection of live epithelial cancer cells. Figure 3. Atomic force microscopy (AFM) images of (a) naked SGS, (b) AuNP-SGS, and (c) CET-AuNP-SGS. (d) Grain size diagram of naked SGS, AuNP-SGS, and CET-AuNP-SGS. The grain size and surface roughness of AuNP-SGS and CET-AuNP-SGS were increased because of the deposition of AuNP and AuNP with CET antibody on the SGS, respectively.



Figure 2. (a) Transmission electron microscopy (TEM) image of AuNP. The scale bar is 50 nm. (b) FT-IR spectrum for aminated SGS. Two distinct wavelengths demonstrate the stretch (3240 cm-1) and the bend (1650 cm-1) of the N-H group from the amine group (red arrow). (c) UV-vis absorption spectra for aminated SGS and AuNP-SGS. Absorption spectra of AuNP-SGS were changed from aminated SGS as as result of the surface plasmon effect of deposited AuNP with a maximum adsorption wavelength of 520 nm. AuNP-SGS exhibit a red-wine color due to deposited AuNP, whereas aminated SGS is transparent (c, inset). (d) Light-scattering image of AuNP-SGS using a dark-field condenser. The scale bar is 10 µm.



Here, monodisperse AuNP (10 nm) as a cross-linker between the substrate and antibody was synthesized by the chemical reduction method using tetrakis (hydroxymethyl) phosphonium chloride, and the spherical morphology was verified by transmission electron microscopy (TEM) (Figure 2a).15 For the deposition of AuNP on the substrate, we first prepared the aminefunctionalized substrate by the capping of 3-aminopropyltriethoxysilane against a siliconized glass slide (SGS). Chemical (15) Lee, J.; Yang, J.; Ko, H.; Oh, S.; Kang, J.; Son, J.; Lee, K.; Lee, S. W.; Yoon, H. G.; Suh, J. S.; Huh, Y. M.; Haam, S. AdV. Funct. Mater. 2008, 18, 258.



bands of aminated SGS were identified by using the FT-IR spectrum at 3240 cm-1 (stretch of N-H from the amine group) and 1650 cm-1 (bending of N-H from the amine group), as shown in Figure 2b (red arrows). A strong band at around 2000 cm-1 was also observed as being due to the Si-related group. Subsequently, AuNPs adhered onto the aminated SGS by the difference in the electric charge density between AuNP and the amine group of the substrate.8,15,16 Herein, the fabrication of AuNP-deposited SGS (AuNP-SGS) was verified by the surface plasmon peak using UV-vis adsorption spectra (Figure 2c). After the adhesion of AuNP onto the surface of aminated SGS, the surface plasmon peak of AuNP was observed via the UV-vis absorption spectrum with a maximum adsorption wavelength of 520 nm, and AuNP-SGS exhibited a red-wine color compared with transparent aminated SGS (Figure 2c, inset). Furthermore, the scattering image for well-distributed AuNP on the substrate can be obtained by dark-field microscopy (Figure 2d). Therefore, LCCD was finally fabricated by the conjugation of CET as a binding moiety against EGFR-abundant cancer cells on the surface of AuNP-SGS (CET-AuNP-SGS) by electrophysisorption between AuNP and the amine group of CET. To assess the potential of CET-AuNP-SGS as an LCCD, we have employed tapping-mode atomic force microscopy (AFM) for the purpose of discriminating the nanoparticle size distribution.17 A contact-mode AFM deteriorates the image of particles on the substrate induced by the dragging motion of nanoparticles on the substrate driven by contact-mode AFM scanning. Tappingmode AFM provides the distribution of grain sizes for the surface morphology of naked SGS (Figure 3a). Figure 3b,c show the change in surface morphology driven by the deposition of AuNP onto SGS as well as the deposition of antibodies on AuNP-SGS, respectively. The distribution of grain size obeys the Gaussian distribution as p(x) ) A exp[-(x - µ)2/(2σ2)], where p(x) is the probability density function for grain size x, µ is the mean value (16) Luechinger, M.; Prins, R.; Pirngruber, G. D. Microporous Mesoporous Mater. 2005, 85, 111. (17) Ebenstein, Y.; Nahum, E.; Banin, U. Nano Lett. 2002, 2, 945.
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of the grain size, and σ2 is the variance. As shown in Figure 3a, naked SGS exhibits the sharp probability distribution of grain size (0.6 ( 0.3 nm, µ ( σ2) whereas the surface with deposited AuNP (AuNP-SGS) possesses an increased grain size of 11.4 ( 5.0 nm (Figure 3b). AuNP’s were well deposited on the substrate, which means that CET can be successfully conjugated onto the substrate with small amount used for binding to target cancer cells. After the conjugation of CET on the AuNP-SGS (CETAuNP-SGS), the largest grain size of 24.0 ( 8.1 nm was observed (Figure 3c). The increase in grain size is ascribed to the fact that the surface of naked SGS was changed from flat to rough as a result of the deposition of AuNP and antibodies onto the SGS transforms. Moreover, the rough surface of CET-AuNP-SGS provides a higher probability for target cells to bind with it as a result of its large surface area. For a demonstration of the ability of our AuNP-based probe functioning as an LCCD to sensitively detect live cancer cells, we have selected two model cell lines (i.e., EGFR-abundant A431 cells (positive cell line) and EGFR-deficient MCF7 cells (negative cell line)).15 Because CET as an active site of the LCCD can specifically bind with EGFR on the surface of cancer cells, the CET-functionalized AuNP-SGS probe is able to interact with highly EGFR-expressed cells.18 To ensure the specific interaction between EGFR-expressed cells and the CET antibody that we have employed, thus, we also take into account CETAuNP-SGS, which was compared with nonfunctionalized AuNPSGS as a control. Both model cells were incubated with CETAuNP-SGS (or AuNP-SGS) for 30 min. After three washes, Hoechst 33258 was added to the incubation well for the fluorescent staining of the cell nucleus because Hoechst 33258 bound with DNA of the nucleus was excited at 350 nm and emitted a blue color (∼420 nm). Figure 4a shows the specific interaction between CET-AuNP-SGS and A431 cells due to abundant EGFR in A431, whereas it is shown that AuNP-SGS without CET functionalization does not possess any affinity for MCF7 and A431 cells. For further evaluation of the detection efficiency of CETAuNP-SGS as an LCCD, the fluorescence spectra of AuNP-SGS and CET-AuNP-SGS treated with MCF7 and A431 cells were obtained by fluorescence spectrometry (Figure 4b). In Figure 4b (i), CET-AuNP-SGS treated with A431 cells demonstrated strong fluorescence intensity at 400-500 nm after excitation at 350 nm. However, the rest of the cases exhibited faint fluorescence intensities that were similar to the previous microscopic results (Figure 4b (ii)). Consequently, the relative fluorescence intensity of CET-AuNP-SGS treated with A431 cells was 12 times larger than that of CET-AuNP-SGS treated with MCF7 cells. In addition, the cell density of A431 cells bound to CET-AuNP-SGS was considerably high (>900 cells/mm2 cells) in comparison to those of AuNP-SGS bound to either A431 or MCF7 cells (54-fold, p < 0.01). In summary, we have fabricated the CET-conjugated AuNP probe as an LCCD, which allows for the effective detection of live epithelial cancer cells with high cellular affinity and specificity. Herein, AuNP plays the key role of cross-linker, which enables the monoclonal antibody to bind cancer cells on the surface of the substrate. Moreover, AuNP enhances the detection efficacy, which is attributed to increased surface area and cellular affinity without a nanolithography process. Consequently, our LCCD demonstrates its ability to detect the EGFRhigh expressed A431 cell related to epithelial cancer with high (18) Jorissen, R. N.; Walker, F.; Pouliot, N.; Garrett, T. P. J.; Ward, C. W.; Burgess, A. W. Exp. Cell Res. 2003, 284, 31.
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Figure 4. (a) Fluorescence microscopy images of CET-AuNP-SGS and AuNP-SGS treated with MCF7 and A431 cells, respectively. CETAuNP-SGS can specifically detect epithelial cancer cells (A431 cells), and blue spots indicate the cell nucleus by fluorescent staining with Hoechst 33258. The scale bar is 100 µm. (b) Fluorescence spectra of emitted light from CET-AuNP-SGS and AuNP-SGS treated with (i) MCF7 and (ii) A431 cells after excitation at 350 nm. (c) Cell density of CET-AuNP-SGS (red) and AuNP-SGS (black) treated with MCF7 and A431 cells, respectively. The cell density of CET-AuNP-SGS treated with A431 cells is 54 times larger than for treatment with MCF7 cells. (Error bars indicate the standard deviation, and * indicates p < 0.01.)



cellular affinity as well as high specificity. It is implied that probes based on AuNP can be broadly employed as an efficient bioassay method for biomedical applications such as the functional characterization and detection of small biomolecules, cells, and other chemicals such as drugs and toxins.



Experimental Section Preparation of the Live Cancer Cell Detector (LCCD). Au nanoparticles (AuNP) were prepared by the reduction of 1.0 wt % tetrachlroloaurate(III) trihydrate (2 mL, Sigma) in the presence of 80 wt % tetrakis (hydroxymethyl) phosphonium chloride (12 µL, Sigma) and NaOH (0.5 mL of 1 M) as reducing agents for 7 min at room temperature.15 For the preparation of the amine-functionalized substrate, the surface of the siliconized glass slide (SGS, Φ ) 12 mm) was chemically modified by 3-aminopropyltrimethoxysilane (100 µL, Sigma) in 5 mL of water at 80 °C for 24 h.16 After chemical reaction, SGS was purified with excess water and ethanol. Subsequently, aminated SGS was gently stirred with AuNP (7 × 1012 particles/mL, 5 mL) for 24 h. AuNP, which was not attached to aminated SGS, was eliminated by decanting the reaction medium and washing with pure excess water. The scattering image of AuNP attached on the aminated SGS was visualized using a dark-field microscope (U-DCW, Olympus) For the formulation of LCCD using a AuNP-deposited substrate (AuNP-SGS), enabling the detection of live epithelial cancer cells, AuNP-SGS was soaked in 1 mL of phosphate-buffered saline (PBS, 10 mM, pH 7.4, Gibco) in which 1 mg of CET (Cetuximab, Merck) was dissolved. After 4 h, CETconjugated SGS (CET-AuNP-SGS) was purified with excess PBS. A BCA protein assay kit (Pierce) was used to measure the amount of CET conjugated to AuNP-SGS. Atomic Force Microscopy (AFM) Measurements. We used the Nanoscope IV controller (Veeco) for AFM imaging of the surface



Letters in tapping mode in air at room temperature. A rectangular AFM silicon cantilever (RTESP - Tap300 Metrology Probe, Veeco) was used for tapping-mode AFM imaging. Typically, AFM imaging depends on several parameters (i.e., scan size, scanning rate, force constant of a cantilever, tapping amplitude, and force). The dependence of the AFM image and height data on such parameters is complex. To reduce such effects, we have used the same tip and scanning rate for AFM images of naked SGS, AuNP-SGS, and CETAuNP-SGS surfaces. Furthermore, AFM data analysis software was used to obtain a histogram of the grain size of the surface, which was converted from the data collected by AFM. Bioassay. The cellular affinities between epithelial cancer cells and antibody-conjugated LCCD were investigated using epifluorescence microscopy (BX-21, Olympus) and optical spectrometry (LS-55, Perkin-Elmer). Model cells (MCF7 and A431 cells, 1 × 106 cells/mL) were incubated and treated with CET-AuNP-SGS in the 12-well plate (NUNC, 22 mm diameter) for 30 min. The solution



Langmuir, Vol. 24, No. 21, 2008 12115 was washed three times with 0.2% fetal bovine serum and 0.02% sodium azide in PBS. The samples were incubated with Hoechst 33258 (λexcitation ) 350 nm and λemission ) 461 nm) for 10 min at 4 °C in a dark room. Subsequently, the incubation wells were washed three times with excess PBS. Epifluorescence microscopy was used to monitor the detection efficiency using LCCD for epithelial cancer cells. Data were obtained and analyzed from 10 gated images. Furthermore, the live cancer cell detection ability was investigated using a spectrometer.
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