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Abstract: 

Several advances in the medical technology in 

the diagnostic of cancer cell and analysis have 

been evolved, but yet there is no satisfactory 

detection and imaging of human cancer is 

obtained. Unless the ratio of the tumor to 

background ratio improves by three to four 

orders of magnitude, a satisfactory observation 

on the cancer cell identification, treatment cum 

screening and staging is not possible. This 

research focuses on the identification of the 

malignant tumor cells which lies behind the 

background of the normal cells, the fundamental 

principles of the cancer cell imaging is also 

discussed in this paper. In this paper we have 

discussed and analyzed about, existing several 

radiotracers, contrast agents for cancer cell 

imaging, since there are some limitations in the 

magnetic resonance imaging (mri), positron 

emission tomography (pst), ultrasound etc. 

There are certain recent innovative technology 

that promises the patient such as positron 

emission mammography for the breast cancer 

diagnosis and for the cancer screening, 

spectroscopy enhanced colonoscopy is used and 

infrared fluorescence guided surgery for cancer 

treatment. This investigation exploits the recent 

emerging methods in the field of cancer cell 

analysis using contrast imaging and analyzing 

their impact in the medical field.The nonlinear 

optical methods of two-photon excited 

fluorescence (TPEF) and coherent anti-Stokes 

Raman scattering (CARS) with infrared laser 

excitation were applied to study the localisation 

of SiNPs in cells. Advantages of the nonlinear  

 

Methods, such as rapid imaging, which prevents 

cells from overheating and larger penetration 

depth compared to the single-photon excited 

HR-SIM, are discussed. The obtained results 

reveal new perspectives of the multimodal 

visualization and precise detection of the uptake 

of biodegradable non-toxic SiNPs by cancer 

cells and they are discussed in view of future 

applications for the optical diagnostics of cancer 

tumors. 

Keywords: contrast enhancement, cancer cell 

analysis, screening, staging, tumour cells, (HR-

SIM), Raman spectroscopy, coherent anti-Stokes 

Raman scattering (CARS), two-photon excited 

fluorescence (TPEF). 

I. INTRODUCTION 

Recently, silicon nanoparticles (SiNPs) are 

widely studied as promising biocompatible and 

biodegradable agents for medical purposes. This 

high interest is motivated by unique advantages 

of SiNPs as multimodal labels for cancer 

diagnostics both in vitro and in vivo [1,3,4,5] 

and as nano-containers for drug delivery 

[3,6,7,8,9,10]. The enhanced accumulation of 

SiNPs in tumours enables an accurate detection 

and distinction of tumour’s boundaries. 

Moreover, Si-based nanomaterials can be used 

as active agents for cancer therapy due to their 

sensitizing properties under photo- 

[10,11,12,13], sono- [13,14] and electromagnetic 

radio-frequency [15] stimulus. 
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SiNPs for biomedical purposes can be 

prepared by various methods such as mechanical 

milling of porous silicon (PSi) films [12,13,14], 

ultrasonic fragmentation of PSi [8] or silicon-

nanowires (SiNWs) [16], laser ablation of 

crystalline silicon (c-Si) targets [12], microwave 

plasma synthesis [13], etc. Nanocrystals of 

silicon with sizes of 2–5 nm are known to 

exhibit room temperature photoluminescence 

(PL) in the visible and near-infrared (NIR) 

spectral regions [14]. The PL properties of 

SiNPs have been successfully used for 

bioimaging [8,12] and biosensing [4,6,8]. 

Recently, a method of high-resolution structured 

illumination microscopy (HR-SIM) has been 

applied to monitor the uptake and intracellular 

distribution of porous SiNPs in cancer cells [14]. 

However, the HR-SIM visualisation of SiNPs 

requires typically efficient photoexcitation with 

UV or blue light sources, which can induce 

undesirable light scattering, obstructing 

autofluorescence of cells and even their photo-

damage. Moreover, non-luminescent SiNPs are 

very promising for non-optical therapeutic 

modalities [15]. Therefore, a search of 

alternative tools to monitor SiNPs during bio-

visualisation and cancer diagnostics is of great 

importance. 

Micro-Raman spectroscopy or hyperspectral 

Raman imaging, a microscopic imaging 

technique combining a microscope with a 

Raman spectrometer, has the advantage to 

identify subcellular structures by exciting certain 

molecular vibrations of the chemical 

composition of complex biological objects [11]. 

Therefore, the hyperspectral Raman imaging 

enables an accurate diagnosis and differentiation 

between malignant and benign cells with sub-

micrometre resolution due to chemical 

differences of them [4]. Additionally, the Raman 

spectroscopy plays a significant role in drug 

delivery monitoring in vitro and in vivo [5]. This 

non-invasive label-free technique allows 

realizing the time-resolved 3D mapping of the 

distribution of active pharmaceutical ingredients 

and nanoparticle drug containers and to visualise 

their intracellular penetration and subsequent 

drug release [6]. Besides, Raman spectroscopy 

was successfully applied as a diagnostic tool for 

breast, skin, prostate, colon and liver cancer [2]. 

In this context, Raman microscopy is a 

promising tool to study biodegradable SiNPs 

inside tumour cells and it can be used for cancer 

theranostics [3]. The micro-Raman spectroscopy 

in combination with fluorescence measurements 

possessed a high level of efficiency for 

investigations of toxicity, stability and 

intracellular uptake of various metal-oxide 

nanomaterials, e.g., TiO2 [6], ZrO2 [5], as well 

as carbon dots [2]. Nonetheless, the 

hyperspectral Raman imaging technique belongs 

to relatively slow diagnostic methods, 

concerning its potential application for the real-

time diagnostics of cancer. 

Multifunctional nanoparticles (NPs) are known 

to be promising for the visualisation and therapy 

of cancer in vitro and in vivo [3]. For examples, 

fluorescent carbon dots [9], polymer/quantum 

dots nanocomposites [8], fluorescent dye-doped 

silica NPs, quantum dots, gold NPs [7], 

polysaccharide analogues conjugated with a 

fluorescent dye [15] etc., possess the cancer 

diagnostics by means of linear optical methods. 

The size, shape and electrical charge of NPs are 

important for the cellular uptake, i.e., charged 

NPs can be taken up more rapidly by cells than 

neutral ones [11]. Multimodal visualisation of 

cells can be realised by using NPs, which 

combine both the fluorescent and magnetic 

properties [10]. While the combination of 

magnetic and optical imaging can provide 

complementary information about the target 
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objects, many conventional magnetic 

contrast agents, e.g., gadolinium based ones, are 

rather toxic and they require a strong 

conjugation with neutral organic compounds 

[14]. 

Recently, coherent anti-Stokes Raman scattering 

(CARS) and two-photon excited fluorescence 

(TPEF) microscopy were applied for 

investigation of biosystems [12]. The CARS 

intensity, similar to the Raman spectroscopy, is 

resonant with the vibration frequencies of 

chemical bonds. However, opposite to imaging 

based on spontaneous Raman scattering, a 

CARS image can be recorded in a single shot, 

opening up the possibility of 3D imaging of fast 

dynamical phenomena at high speed, which is 

limited only by the laser-pulse repetition rate. 

Therefore, the CARS microscopy is about five 

orders of magnitude faster than the micro-

Raman spectroscopy. Unlike the Raman 

spectroscopy, the CARS provides a coherent 

signal, which is orders of magnitude stronger 

than the spontaneous Raman emission, thus 

ensuring a much higher sensitivity. The four-

wave mixing process, applied by CARS and 

involving pump and Stokes beams interactions 

with the sample, generates a resonantly 

enhanced CARS signal at the anti-Stokes 

frequency, allowing high resolution and thus 

selective imaging on chemical and molecular 

levels [11]. In other words, whereas the 

spontaneous Raman scattering is an incoherent 

superposition of the signals from individual 

molecules and, therefore, is linear in the 

concentration of these molecules, the CARS 

signal is generated by a coherent addition of 

signals and increases super-linearly with 

molecule number and pump intensity. Note, an 

undesirable non-resonant background, which 

limits the contrast and spectral selectivity of 

CARS images, has to be suppressed additionally 

[7]. 

TPEF imaging is typically based on two-photon 

absorption followed by emission of the 

fluorescence photon [4]. An improvement of 

spatial resolution, especially in axial direction, is 

caused by reducing the excitation volume, 

because of the tight focal spot with consequently 

higher photon density, thus decreasing 

undesirable bleaching of the sample and out-of-

focus fluorescence [14]. While the one-photon 

excitation can be done with a simple continuous-

wave source of light, the CARS and TPEF 

techniques require a high flux of the excitation 

photons, which is usually generated by a NIR 

femtosecond laser. The use of NIR excitation 

can also minimise the light scattering in tissue. 

Due to the nonlinear origin of the absorption the 

background of TPEF is strongly suppressed, 

which leads to an increased depth of the 

visualisation with reduced scattering artefacts 

and higher sensitivity and specificity of analysed 

species and bonds [5,6]. The ability of three-

dimensional sectioning of CARS and TPEF 

microscopies has been used to perform non-

invasive optical biopsy of tissues [4] and to 

visualise thick tissue samples transfected with 

different NPs and drug delivery systems such as 

metal oxide NPs, gold nanorods and nanoshells 

as well as carbon nanotubes [3]. These non-

linear optical approaches reveal a high ability to 

monitor polymer [9] and gold [4] NPs in living 

systems. Among promising TPEF materials for 

non-linear optical imaging, CdSe quantum dots 

and related core-shell NPs [5], carbon dots [6], 

silicon carbide NPs [7], zinc oxide nanocrystals 

[8], gold nanorods [5], etc. were proposed. 

Despite the tremendous progress achieved by 

using quantum dots or organic molecules for 

bioimaging, some problems remain to be solved: 

(i) cyto- and genotoxicity; (ii) slow clearance; 



                                                                                                                    ISSN 2394-3777 (Print) 

                                                                                                                                           ISSN 2394-3785 (Online)    

                                                                                                                     Available online at www.ijartet.com  

              International Journal of Advanced Research Trends in Engineering and Technology (IJARTET) 
              Vol. 2, Issue 2, February 2015 

 

96 

All Rights Reserved © 2015 IJARTET 

 

(iii) accumulation in the organism; and 

(iv) low chemical stability. In this view, 

biodegradable and non-toxic Si-based 

nanomaterials seems to be good alternatives. 

The TPEF technique was used to visualise Mn-

doped Si quantum dots in cells in vitro [6]. 

Circulation of SiNWs in blood vessels and their 

final distribution in tissue were investigated by 

non-linear optical methods of four-wave mixing 

and third harmonic generation [2]. While a 

strong CARS signal was observed for SiNW 

arrays [6], there is no information on 

applications of this approach for bioimaging. 

Thus, a combination of the linear techniques of 

HR-SIM and hyperspectral Raman imaging with 

the non-linear methods of CARS and TPEF 

provides possibilities to investigate biosystems 

and to identify accurately different cancer 

regions [11]. These spectroscopic imaging 

techniques were successfully applied for the 

investigation of materials used in medical 

sciences and, as well as, for studies of living 

organisms [7]. With these methods, it is possible 

to perform label-free characterisation of human 

skin [4], colon tissue [13], lipid metabolism, and 

DNA and RNA distributions through cell cycle 

[63], atherosclerosis [5] and proteins [8]. By 

applying both linear and non-linear techniques, a 

significant breakthrough in cancer research and 

diagnostics has recently been demonstrated [11]. 

On the other hand, Si-based nanomaterials with 

strong vibrational resonances in combination 

with the spectroscopic approaches mentioned 

above allow avoiding completely the 

fluorescence labelling. Note that the fluorescent 

staining widely used for bio-distribution studies 

of NPs [13] suffers from toxicity and photo-

bleaching of these labels [15]. 

In the present paper, we report multi-modal 

imaging of SiNPs in cancer cells by using 

methods of linear (HR-SIM and Raman 

scattering) and non-linear (CARS and TPEF) 

optics in vitro.. 

II. PRINCIPLES OF MEDICAL IMAGING 

a) SIGNAL-TO-BACKGROUND RATIO 

Clinical imaging can be essentially reduced to a 

simple concept: the signal-to-background ratio 

(SBR), which in the case of cancer imaging is 

the tumor-to-background ratio. If the goal is to 

detect or to image cancer cells in the body, then 

the signal generated by one or more contrast 

mechanisms must be higher than the background 

caused by nonspecific signal or nearby normal 

cells. Even if there is adequate inherent 

sensitivity and resolution of an imaging 

modality to detect malignant cells, they will be 

invisible if the background is too high. To 

improve the SBR, one of three forms of contrast 

generation is used: endogenous contrast, 

exogenous nontargeted contrast, and exogenous 

targeted contrast. 

b) ENDOGENOUS AND NONTARGETED 

EXOGENOUS CONTRAST AGENTS 

Endogenous contrast has undeniable advantages. 

It doesn’t require injection of a contrast agent or 

costly and time-consuming regulatory 

approval,4 and it is generally safe. However, in 

many clinical situations, endogenous contrast 

does not provide adequate sensitivity or 

specificity for detecting malignant cells and their 

products. 

Nontargeted exogenous contrast, typically in the 

form of an extracellular fluid agent, is used 

routinely in CT and MRI. After intravenous 

injection, nontargeted contrast distributes 

throughout the extracellular space and is cleared 
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rapidly by glomerular filtration. This 

simple process has been exploited extensively in 

radiology to indirectly highlight tumors. 

Because the effects of nontargeted contrast 

agents are indirect and relatively insensitive, a 

large number of academic and industrial 

investigators are developing agents that target 

malignant cells or their products directly 

(molecular imaging). 

c) EXOGENOUS TARGETED CONTRAST 

AGENTS 

The development of cancer-specific diagnostic 

agents is itself a 3-D problem (Fig 2). The first 

dimension is affinity (KD), or more precisely, 

the ratio of KD to the concentration of target 

sites (BMax). The second dimension is 

biodistribution and clearance, which is a 

function of the hydrodynamic diameter, charge-

to-mass ratio, and hydrophobicity of the contrast 

agent. Hydrodynamic diameter and charge-to-

mass ratio are major determinants of how 

quickly an agent can extravasate from the 

vascular space to the malignant cell and how 

quickly background signal can be cleared from 

the body. As a general rule, small molecules and 

peptide ligands (hydrodynamic diameter ≤ 3 nm) 

distribute quickly and clear through the kidneys 

but require adequate affinity and contact time for 

effective cancer imaging. Single-chain 

(hydrodynamic diameter of approximately 5 nm) 

and full-length antibodies (hydrodynamic 

diameter of approximately 10 nm) fall on a 

spectrum from intermediate to poor 

biodistribution and clearance. Traditional 

nanoparticles (≥ 10 nm) have virtually no 

clearance from the body, and even with 

protective coatings, eventually concentrate in the 

reticuloendothelial system. A new study from 

our laboratory has suggested the criteria (the 

Choi criteria5) for the effective use of 

nanoparticles in vivo. The third dimension is 

effect size, which for a diagnostic agent is the 

SBR and for a therapeutic agent is cytotoxicity. 

Optimizing a contrast agent or radiotracer in all 

three dimensions is an incredibly difficult task, 

which presently takes years before clinical 

testing can even be considered. 

 

Fig.2. Three-dimensional development of 

exogenous targeted diagnostic or therapeutic 

agents. Colored box delineates optimal in vivo 

performance. 

d) ADDITIONAL BARRIERS TO 

EFFECTIVE CANCER IMAGING 

Generating an adequate SBR for 

detecting/imaging small numbers of malignant 

cells is made more difficult by the following 

barriers. First, there is a finite achievable 

concentration for receptor-targeted agents. The 

most abundant cancer-associated cell surface 

targets, such as prostate-specific membrane 

antigen6 and Erb-B2,7 are expressed at 

approximately 105 molecules per cell, 

corresponding to a cellular concentration of only 

170 nmol/L. Most receptors, in fact, are 

expressed at levels of only 103 to 104 copies per 

cell (1.7 to 17 nmol/L). Second, inherent 

limitations of imaging modality sensitivity and 

resolution (Table 1) preclude detection or 
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imaging of small numbers of cells. Third, 

both voluntary and physiologic motion artifacts 

become increasingly problematic for smaller 

tumors. Fourth, the body has many barriers to 

the effective targeting of contrast agents (and 

therapeutics) in vivo, including inhibitors 

present in plasma, a relatively small effective 

endothelial pore size (hydrodynamic diameter of 

approximately 5 nm) that constrains 

biodistribution,5 and basement membranes that 

act as barriers to preinvasive cancer detection. 

Finally, many solid tumors have high 

hydrostatic pressure, which impedes 

homogeneous infiltration of diagnostic 

agents.8,9 Enhanced permeability and 

retention10,11 is not discussed in this review 

because it has questionable relevance to the 

detection and treatment of preangiogenic small 

primaries and micrometastases.Sensitivity and 

Resolution of Cancer Imaging Modalities as a 

Function of Cell Number and Contrast 

Agent/Radiotracer Concentration.  

III. MATERIALS AND METHODS 

a) NANOPARTICLE FORMATION 

Aqueous suspensions of SiNPs were prepared by 

3 h ultrasonic grinding (37 kHz, 90 W) of 

SiNWs. Afterwards, the suspensions were 

centrifuged for 3 min at 2000 rpm and the 

resulting supernatant was used for the 

experiments. SiNWs were prepared by metal-

assisted chemical etching (MACE) of low 

boron-doped single-crystalline wafers (doping 

level: 1016 cm−3; conductivity: 1–5 Ω·cm) 

(100). Prior to the MACE procedure the Si 

substrates were rinsed in 5% HF aqua solution 

for 1 min to remove native oxide. Then, during 

the first step of the MACE process, thin (~100 

nm) layers of Ag nanoparticles of different 

morphology were deposited on the substrates by 

immersing them in aqueous solution of 0.02 M 

of silver nitrate (AgNO3) and 5 M of HF with a 

volume ratio of 1:1 for 30 s. In the second step, 

the Si substrates covered with Ag nanoparticles 

were immersed for 20 min in a solution 

containing 5 M of HF and 30% H2O2 with a 

volume ratio of 10:1, which was filled in a teflon 

vessel. The etching was performed at room 

temperature. Then SiNW arrays were rinsed 

several times in deionised water and additionally 

immersed in concentrated (65%) nitric acid 

(HNO3) for 15 min to remove residual Ag 

nanoparticles from the SiNWs. Finally, the 

samples were rinsed several times in deionised 

water and dried at room temperature. 

b) ANALYSIS OF SiNPs. 

Structural investigations of SiNW-based 

samples were carried out by using a field 

emission scanning electron microscope (FE-

SEM, Carl Zeiss ULTRA 55, Carl Zeiss, Jena, 

Germany) and a transmission electron 

microscope (TEM, LEO912 AB OMEGA, Carl 

Zeiss, Jena, Germany). A Malvern Zetasizer 

Nano ZS instrument (Malvern Instruments Ltd., 

Malvern, England, UK) was used to determine 

the size and zeta potential (ζ) of SiNPs obtained 

from data of dynamic light scattering (DLS). 

The surface composition of nanoparticles was 

studied by using a Fourier-transform infrared 

(FTIR) spectrometer Bruker IFS 66v/S, (Bruker, 

Karlsruhe, Germany) with a germanium prism 

for attenuated total reflection. Before recording 

FTIR spectra, the suspensions were dried in air 

on the prism surface. The FTIR measurements 

were done at room temperature in vacuum at a 

residual pressure of 10−3 Torr. 

Additionally, the suspensions of SiNPs were 

characterised by using PL spectroscopy by 

excitation with an Ar-ion laser (wavelength 364 
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nm, power 10 mW, spot diameter 1 mm, 

Spectra-Physics, Stahnsdorf, Germany). The PL 

signal was detected using a grating 

monochromator (MS750, SOLAR TII, Moscow, 

Russia) equipped with a CCD array. The 

measurements were carried out at room 

temperature in air. 

c) CELL CULTIVATION AND SAMPLE 

PREPARATION 

In vitro cytotoxicity experiments were 

performed with MCF-7 breast cancer cell line. 

The cells were cultured in culture flask of 25 

cm2 in DMEM/F12 supplemented with 80 mg/L 

gentamicin, 20 mМ Hepes, 10% FBS Gibco®, 

and incubated at 37 °C with 5% CO2. Then, the 

cells were seeded into 12 well plate at 1 mL per 

well at a density of 5 × 104 cells/mL. After 24 h, 

the cell cultural medium was replaced by 

cultural medium, which contained SiNPs at 

different concentrations and incubated for 24 h. 

The reference cell group was incubated without 

nanoparticles. The wells then were washed twice 

with Hank’s saline, and the cells were removed 

from the surface of the wells by trypsinisation. 

Whereupon, 1 mL of Hanks’ solution 

supplemented with 10% FBS Gibco®, 

containing 5 mM of 10(6)-Carboxyfluorescein 

diacetate N-succinimidyl ester (CFSE), (Sigma) 

and 50 µg/mL Propidium iodide (Biotium) were 

added to each well and then maintained for 15 

min at 37 °C. The number of cells in each well 

was determined with a cytofluorimeter of Partec 

PAS III applying an excitation wavelength of 

488 nm. The living and dead cells were 

considered as cells fluorescence signal from that 

recorded in the FL-1 (517 nm), or FL-3 (617 

nm) channel, respectively. The results were 

statistically processed applying Student’s t-test 

with certainty of 0.95. 

For in vitro imaging experiments, a human 

MCF-7 breast-cancer cell line was used. The 

cells were cultivated in cell-culture flasks 

(658175, Greiner Bio-One GmbH, 

Frickenhausen, Germany) in liquid medium 

(RPMI 1640, Biochrom AG, Berlin, Germany) 

with 10% of FBS (Biochrom AG, Berlin, 

Germany) in the incubator (5% CO2 at 37 °C). 

The Trypsin solution (BioWhiftaker, Lonza, 

Verviers, Belgium) was used to detach the cells 

that were later transferred onto CaF2 crystal 

slides. Instead of regular glass slides, CaF2 

slides were used in further optical measurements 

in order to avoid interfering background signals. 

The cells deposited on CaF2 slides were 

cultivated in Petri dishes until approximately 

50% confluence was reached. For investigating 

incubation and interaction processes of MCF-7 

cells with SiNPs, slightly boron-doped SiNPs 

with a final concentration of 50 µg/mL were 

used. 

After 24 h the incubation was stopped by 

fixation of the cells in 10% formaldehyde 

(AppliChem GmbH, Darmstadt, Germany), 

followed by several washing steps in Phosphate 

Buffered Saline (PBS Dulbecco, Biochrom AG, 

Berlin, Germany). The CaF2 slides were placed 

in Petri dishes, which were filled with distilled 

water and stored at +4 °C until the experiments 

were performed. 

d) HIGH-RESOLUTION STRUCTURED 

ILLUMINATION MICROSCOPY 

HR-SIM experiments were performed using an 

optical microscopic system ELYRA-S.1 (Carl-

Zeiss, Jena, Germany). With this system, a 

twofold lateral resolution enhancement in 

comparison with the conventional wide-field 

microscope can be achieved by a periodic light 

pattern, which is realised by inserting a 
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sinusoidal grating in the illumination 

pathway. It modulates the high-frequency 

signals from the sample down to frequencies 

readable by the microscope [75]. The 

experiments were carried out by illumination at 

405 nm, 488 nm and 642 nm excitation 

wavelengths using specific gratings and filters 

for each laser line. An oil-immersion objective 

63×/NA 1.40 (Carl-Zeiss, Plan-Apo, Jena, 

Germany) was used for imaging. The images 

were recorded with an EMCCD array (iXon 885 

from Andor, Belfast, UK) cooled at −63 °C and 

afterwards reconstructed using the ZEN 2010 

Carl-Zeiss software (Carl-Zeiss, Jena, 

Germany). 

e) MICRO-RAMAN SPECTROSCOPY  

For the Raman imaging, a confocal Raman 

microscope (WITec, Ulm, Germany) with an 

excitation wavelength of λex = 785 nm and 50 

mW laser power was utilised. The glass sample 

of homogenous monolayer of MCF-7 cells 

transfected with SiNPs and immersed in Petri 

dishes filled with distilled water were radiated 

through a 60×/NA 1.0 water immersion 

objective (Nikon NIR Apo, Tokyo, Japan). The 

laser radiation was transmitted by a single-mode 

optical fiber to the microscope and focused onto 

the sample. The acquired Raman spectra were 

recorded by a CCD camera operating at −65 °C. 



                                                                                                                    ISSN 2394-3777 (Print) 

                                                                                                                                           ISSN 2394-3785 (Online)    

                                                                                                                     Available online at www.ijartet.com  

              International Journal of Advanced Research Trends in Engineering and Technology (IJARTET) 
              Vol. 2, Issue 2, February 2015 

 

101 

All Rights Reserved © 2015 IJARTET 

 

Modali

ty 

Typical 

Voxel/Pixel 

Dimensions 

(Resolution) 

Maximu

m No. of 

Cells per 

Voxel/Pix

el 

Clinically 

Available 

Exogenous 

Contrast 

Agent(s) 

Radiotracer/ 

Contrast 

Agent 

Hydrodyna

mic 

Diameter* 

Contrast 

Agent 

Concentrati

on per 

Voxel/Pixel 

Required 

for 

Detection† 

No. of 

Molecule

s of 

Contrast 

per 

Voxel/Pix

el 

Required 

for 

Detection

† 

Notes 

US 1 µL (1×1×1 

mm) 

106 Microbubbl

es 

1 µm NA NA Microbubbles 

remain 

intravascular in 

most tissues 

CT 1 µL (1×1×1 

mm) 

106 Iodine ≈1 nm 0.5 M 3 × 1017 Requirement for 

molar 

concentrations 

precludes targeted 

imaging 

MRI 1 µL (1×1×1 

mm) 

106 Chelated 

Gd3+ 

≈1 nm 50 µmol/L 3 × 1013 Would require > 

107 Gd3+ atoms 

per cell for 

detectability 

SPECT 1.7 

cm3(12×12×

12 mm) 

1.7 × 109 99mTc ≈1 nm 0.3 pM†‡ 3 × 108 On average 

approximately 0.2 

radioatoms per 

cell†‡ 

111In (≈8 × 

103 Bq/vox

el) 

67Ga  

PET 0.5 

cm3(8×8×8 

mm) 

5 × 108 18F ≈1 nm 0.02 

pM†‡ (≈7 × 

102Bq/voxe

l) 

6 × 106 On average 

approximately 

0.01 radioatoms 

per cell†‡ 

Optical 

(2-D) 

0.01 

mm2(0.1×0.

1 mm) 

103 ICG ≈1 nm ≈10-100 

nmol/L 

6 × 107§ Surface only NIR 

fluorescence, 

requires 

approximately 

104−105fluoroph

ores per cell for 

detectability 

Optical 

(3-D) 

1 

cm3ǁ(1×1×1 

cm) 

109 ICG ≈1 nm ≈10-100 

nmol/L 

6 × 1013 NIR tomography-

based, requires 

approximately 

104−105fluoroph

ores per cell for 

detectability 

Abbreviations: US, ultrasound; NA, not applicable; CT, computed tomography; MRI, magnetic resonance imaging; Gd3+, 

gadolinium; SPECT, single photon emission computed tomography; 99mTc, technetium 99m; 111In, indium 111; 67Ga, 

gallium 67; PET, positron emission tomography; ICG, indocyanine green; NIR, near-infrared. 
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IV. RESULTS 

Scanning electron microscopy (SEM) shows that 

the prepared SiNW arrays consist of nanowires 

with diameters of about 100 nm (see Figure 

1a,b). Transmission electron microscopy (TEM) 

of SiNPs obtained by ultrasonic fragmentation 

of SiNWs [15] reveals both separated NPs with 

sizes of 10–40 nm and their agglomerates (see 

Figure 1c). The inset of Figure 1c shows the 

corresponding electron diffraction pattern of the 

SiNPs obtained in “transmission” geometry. The 

latter consists of bright points located on 

diffusive rings, which indicate disoriented 

nanocrystals of the SiNPs. 

Dynamic light scattering (DLS) data, exhibited 

in Figure 1d, show that the mean hydrodynamic 

diameter of SiNPs in water is about 100 nm and 

that the zeta potential (ζ) is −25.6 mV. A 

Fourier-transform infrared (FTIR) spectrum of 

the dried suspension (see Figure 1e) 

demonstrates the predominant covering of SiNPs 

by silicon oxide that is evidenced by the 

absorption peaks of SiOx (1 < x < 2) and Si–O–

Si vibration lines at 508 cm–1 and 1070 cm–1, 

respectively. These signals belong to the 

stretching and symmetric/antisymmetric 

vibrational modes of the Si–O–Si bridges 

[69,70]. The oxidation of the SiNP surface is 

probably due to the last stage of the metal-

assisted chemical etching (MACE) process, i.e., 

nitric-acid treatment [15]. The oxygen coverage 

of the SiNP-surface is caused by the hydrophilic 

property of silicon, which together with the 

negative ζ value determines and proves the 

stability of the NP suspension (see inset of 

Figure 1e). 

µg/mL. A decrease to 60% viability is detect for 

NP concentration above 250 µg/mL. This can be 

explained by a slowdown of the proliferation 

rate of the cells [10]. 

SiNPs in aqueous suspension exhibit PL 

emission with a quantum yield of about 0.1% 

and a spectral maximum at 780 nm (see Figure 

2a). This PL band can be explained by radiative 

recombination of excitons, confined in silicon 

nanocrystals with sizes of 3–5 nm [14]. Such 

small nanocrystals are supposed to be formed at 

SiNW sidewalls during the MACE process [71]. 

As mentioned above, the PL property of SiNPs 

can be effectively applied for HR-SIM imaging 

of MCF-7 breast cancer cells transfected with 

SiNPs. Figure 2b demonstrates that SiNPs 

(bright red spots in the image) after 24 h of 

incubation time are efficiently taken up by the 

cells. In order to obtain a higher contrast during 

the experiments, cell nucleus and cytoplasm 

were stained and marked in cyan and green 

colour, respectively. As can be seen, SiNPs 

penetrate effectively into the cytoplasm and are 

localised on the periphery of the nucleus after an 

incubation time of 24 h. The localisation of 

SiNPs in the cell cytoplasm was also confirmed 

by Z-scan imaging (see Figure 2b). It is clearly 

seen from the images of Figure 2, that during the 

cell’s mitosis the SiNPs remain in each of the 

daughter cells. 

Figure 3 demonstrates a typical Raman image of 

MCF-7 cells after 24 h of incubation with SiNPs 

reconstructed by a vertex-component-analysis 

(VCA) algorithm, as described in Section 4. By 

performing this analysis, SiNPs can be 

distinguished from the cell interior. It is known, 

that the cell interior is emitting the Raman bands 

of the protein-backbone vibrations, while SiNPs 

show the characteristic Raman peak at 520 

cm−1 [17,72,73,74]. Thus, by picking up the 

spectrum of interest from the set of clusters, two 

clusters, corresponding to the SiNPs (depicted in 
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red) and to the protein composition of the 

cells (depicted in blue), have been detected (see 

Figure 3a). The Raman images of Figure 3b 

were coloured in accordance with these spectra, 

which allows us to identify accurately the - 
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(a) Cross-sectional scanning electron microscope (SEM) image of a silicon-nanowire (SiNW) array on 

crystalline silicon (c-Si) substrate; (b) cross-sectional SEM image of SiNWs; (c) transmission electron 

microscopy (TEM) image of silicon nanoparticles (SiNPs) and inset with electron diffraction pattern of 

SiNPs; (d) Dynamic light scattering (DLS) size distribution function of SiNPs;  
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(a) Photoluminescence (PL) spectrum of an aqueous suspension of SiNPs; and (b) fluorescent HR-

SIM image and transmission light image (Transm. im.) of MCF-7 breast cancer cells incubated with 

SiNPs for 24 h. The cell nuclei were stained with Hoechst 34580 and the cytoplasm actin was stained 

with Alexa Fluor® 488 Phalloidin (coloured in cyan and green, respectively). The SiNPs are marked in 

red. 
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(a) Raman spectra of the protein composition (blue line) of the MCF-7 cell interior and of the SiNPs (red 

line), respectively, after an incubation time of 24 h extracted by applying the vertex-component-analysis 

(VCA) algorithm; and (b) Raman spectroscopy images (xy- and xz-cross-sections of the Raman image 

reconstructed with VCA) and transmitted-light image (Transm. im.) of MCF-7 cells incubated with SiNPs 

for 24 h. The SiNPs depicted in red and pointed with yellow arrows are located in the cell cytoplasm 

depicted in cyan. The scale bar corresponds to 10 µm. 

 

 

 

 

 

 

 

 

(a) Two-photon excited fluorescence (TPEF) spectrum of SiNPs; and (b) merged images of CARS and 

TPEF of SiNWs (top) and of SiNPs (bottom) in MCF-7 cells. SiNPs depicted in red within the cells 

depicted in green. The scale bar corresponds to 20 µm. 
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-localisation of SiNPs within the cells. 

Aiming to ascertain the presence of SiNPs inside 

the cells rather than on the cell membranes, an 

additional Z-scan at the defined location (see X–

Z cross-section of the cell cluster in Figure 2) 

was performed. 

TPEF and CARS studies were performed by 

using milled and non-milled SiNWs. Figure 4a 

shows a typical TPEF spectrum of SiNPs 

excited by femtosecond laser pulses with 

wavelength of 750 nm. Basically, this is similar 

to the one-photon excited PL presented in Figure 

2a. Figure 4b (top left) shows merged images 

recorded by the CARS signal of Si-lattice 

phonons and the TPEF signal obtained from an 

image of SiNWs distributed within MCF-7 cells, 

which was generated with a pump beam at 718 

nm. The dominant signal of individual SiNWs, 

depicted as bright short rods in Figure 4 and 

obtained by applying both non-linear 

spectroscopic techniques, can be clearly seen. 

The TPEF image shown in Figure 4b (top right) 

confirms the presence of nanowires. While the 

TPEF regime does not show cellular structure, 

its application together with the CARS modality 

allows visualising the distribution of SiNWs 

within the cells. Similarly to the bioimaging of 

SiNWs, the simultaneous application TPEF and 

CARS is an efficient approach to visualise 

SiNPs inside cells, as shown in Figure 4b, 

(bottom). Individual nanoparticles as well as 

their agglomerates are visible as bright spots in 

the cells. 

V. DISCUSSION 

The obtained results on the linear optical 

diagnostics of cells with SiNPs applying HR-

SIM reveal the possibility to obtain 3D images 

with extremely high (sub-micrometer) spatial 

resolution. The necessary condition for HR-SIM 

measurements is an efficient PL of the small 

SiNP nanocrystals in the red and near infrared 

region of the spectrum caused by photoexitation 

with shorter wavelength, e.g., with blue or UV 

wavelengths. This requirement is hardly 

achieved for bioimaging of living cells and deep 

penetration of biological tissues. This limitation 

can be overcome by using spontaneous micro-

Raman spectroscopy applying excitation with 

infrared light. Furthermore, the Raman 

bioimaging can be performed also with non-

luminescent SiNPs. An additional advantage of 

the hyperspectral Raman imaging is the 

possibility to obtain information about the 

chemical composition of cells and about the 

amount of SiNP uptake. Because of the low 

efficiency of spontaneous Raman scattering the 

typical acquisition time for bioimaging can 

cause a measuring time of many minutes and 

even hours, a duration which is too long and, 

therefore, hardly applicable for the investigation 

of living cells. However, the interplay between 

the hyperspectral Raman and the single-band 

CARS imaging provides monitoring of the 

spectral changes of cells and nanoparticles and 

can be very informative for studies of 

biodegradation of SiNPs over time. 

Thus, bioimaging with simultaneous 

measurements of CARS and TPEF, as shown 

here, is able to provide a significant complement 

to the spontaneous Raman micro-spectroscopy. 

The presented non-linear optical methods are 

more attractive due to their higher sensitivity 

and selectivity as well as their faster acquisition 

time, which is particularly promising for 

imaging of living cells. The TPEF signals of 

SiNWs and SiNPs in the visible and near-

infrared ranges were detected by excitation with 

wavelengths close to the transparency region of 

biological tissues. Therefore, it can be applied 

for the diagnostics of thick tissue samples both 



                                                                                                                    ISSN 2394-3777 (Print) 

                                                                                                                                           ISSN 2394-3785 (Online)    

                                                                                                                     Available online at www.ijartet.com  

              International Journal of Advanced Research Trends in Engineering and Technology (IJARTET) 
              Vol. 2, Issue 2, February 2015 

 

108 

All Rights Reserved © 2015 IJARTET 

 

ex vivo and in vivo. The combination of 

TPEF and CARS measurements provides 

additional information about both, the cell 

morphology and the localisation of SiNPs within 

cells. In perspective, a time series of CARS 

images can also be performed additionally in 

order to monitor the kinetics of SiNP uptake. 

That can be done more easily by CARS 

measurements rather than by conventional 

Raman spectroscopy. Thus both the linear and 

non-linear optical methods provide important 

information about different stages of 

nanoparticle behaviour in living cells that can be 

crucial for their application in cancer 

theranostics. Furthermore, these methods can be 

combined with autofluorescence micro-

spectroscopy that is a very efficient approach for 

in vivo investigation of various intracellular 

dynamic processes and for three-dimensional 

characterisation of tissues without 

administration of any contrast agent. 

VI. CONCLUSIONS 

The combination of linear and nonlinear optical 

techniques for the visualisation of SiNPs in 

cancer cells was demonstrated for the first time. 

The HR-SIM and the spontaneous micro-Raman 

spectroscopy provide the ability to visualise 

SiNPs and to distinguish them from cell 

organelles, as well as to accurately identify 

chemical compounds inside cancer cells. The 

CARS- and TPEF-microscopies have a high 

potential for the visualisation of SiNPs, allowing 

fast imaging acquisition with NIR radiation. 

This leads during the imaging process to a 

sufficient increase of penetration depth and 

scanning region, correspondingly, allowing 

distinguishing tumour areas from the non-

cancerous ones. By these imaging techniques, a 

study of cancer-tissue morphology with 

submicron resolution as well as the 

identification of tumour-cell compositions with 

high specificity becomes possible. The obtained 

results reveal new prospects of multi-modal 

visualisation and precise detection of the uptake 

of SiNPs by cancer cells, which appears to be 

very valuable for future widespread theranostic 

applications. 
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