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ABSTRACT 

Carbon nanomaterials have been explored for biomedical applications such as scaffolds in tissue 

engineering, drug delivery carriers, cancer diagnostics and biological imaging. Due to their 

possible cytotoxicity and biological inertness, they need biological or chemical functionalization 

to attain biomedical applications. Current research trends are for the synthesis of biocompatible 

and self-functionalized nanocarbon with prospective application in therapy and diagnosis. The 

main objectives of this thesis are to synthesize 3D self-functionalized biocompatible nanocarbon 

for therapeutic and diagnostic applications. The synthesis of the unique three-dimensional carbon 

nanostructures has been done with ultrashort femtosecond laser processing mechanism, a versatile 

yet precise technique for nanoscale material generation. 

First study deals with the synthesis of 3D nanocarbon network and its biocompatibility assessment. 

Quantitative and qualitative studies of the fibroblast cell response to this nano-network are 

performed. The findings from the in-vitro study indicate that the platform possesses excellent 

biocompatibility and promote cell adhesion and subsequent cell proliferation.  

In next study, the synthesized nanocarbon network (CNRN) platform that possesses a variation in 

C-C and C-O bond architecture showed dual functionality i. e. cytophilic to fibroblasts but 

cytotoxic to HeLa cells. Two distict opposite responses like tissue generation for fibroblasts and 
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apoptosis like function for HeLa was observed after 48-hour of culture. The results have potentials 

for therapeutic appliations. 

Third study focuses on the diagnostic applications of the nanocarbon. A unique non-plasmonic 

SERS based bio-sensing platform using 3D nanocarbon is introduced for in-vitro detection and 

differentiation of HeLa and fibroblast cells. Time based Raman spectroscopy of these cells seeded 

on nanocarbon revealed chemical fingerprints of intracellular components like DNA/RNA, protein 

and lipids. Their spectroscopic differences guide differentiation of each cell.  

Finally, we have synthesized N-enriched nanocarbon probe through nitrogen incorporation-

assisted ionization and demonstrate label free SERS based detection of transient variation of cell 

chemistry and thereby cancer cell diagnosis with N-enriched 3D nanocarbon probe. The results 

suggested that the SERS functionality not only reveal the chemical fingerprint of the intracellular 

components (e. g. protein, DNA, RNA etc.) within a cell but also guide detection of cancerous 

HeLa cells. 

The results obtained in this thesis point out multifunctional viability of biocompatible self-

functionalized nanocarbons for therapy and diagnosis.  
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Chapter 1  

Introduction 

1.1 Carbon nanostructures for biomedical applications 

There are astounding variety of natural and artificial carbon allotropes and at the nanoscale many 

of these carbon structural formations have noteworthy mechanical and physicochemical properties. 

These promising nano-based properties have excited the scientists to exploit these wonderful 

structures in prospective biomedical research. Carbon-based nanomaterials, such as carbon 

nanotubes (CNTs) [1-1], carbon nanowalls (CNWs) [1-2], graphene and its derivatives [1-3, 1-4], have 

been actively explored for different biomedical applications in the area of therapy and diagnosis. 

They have received considerable attention by researchers for various biomedical applications such 

as scaffolds in tissue engineering [1-5], substrates for stem cell differentiation [1-4], components of 

implant devices [1-6], diagnostic tools and chips[1-7], biological imaging[1-8], drug delivery carriers[1-

9], and antibacterial materials[1-10]. Carbon based nanomaterials due to their unique physiochemical 

properties, such as surface area, superior electrical and thermal conductivity and biological 

behavior, including high chemical inertness or mechanical stability [1-11,1-12] showed increased 

exploration into the biomedical filed. 

1.2 Carbon nanostructures in tissue engineering and therapeutic applications 

A scaffold for tissue engineering requires attraction, adhesion and proliferation of cells. Recently 

carbon nanostructures/nanomaterials gain attention in tissue engineering. However, cytotoxicity 

or/and chemical inertness of these nanomaterials is a barrier to positive cell response. Conjugation 

with bio-molecules/chemicals/proteins etc. provide required biocompatibility and attained 
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favorable cues towards attraction, adhesion and proliferation of cells. Figure 1-1 shows the use of 

carbon nanostructure e.g. carbon nanotubes (CNTs) for control cell growth [1-13]. Graphene showed 

positive response in the focal adhesion and proliferation of fibroblast and osteoblast cells [1-14,1-15]. 

 

Figure 1-1: Schematic diagram depicting the controlled cell growth on fibronectin-carbon 

nanotube (FN–CNT) hybrid nanostructures (courtesy [1-13])  

Researchers also actively explored carbon nanostructures as supportive substrates as well as 

excipients for multi-functional drug delivery systems. Their physicochemical properties offer both 

covalent and non-covalent functionalization with different functional groups. At the same time, 

they can carry several moieties and can also passively cross the membranes of many different types 

of cells [1-16, 1-17]. All these properties make carbon nanostructures a good contender for therapeutic 

applications. Different research groups have explored CNTs for diverse biomedical application 

especially in cancer treatment[1-1] , where CNTs act as nanocarriers functionalized with a variety 

of biomolecules and drugs. There has been very limited reporting on the direct interaction of CNTs 

with cancer cells because CNTs contain amorphous carbon impurities or the remains of catalytic 
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particles of prepared materials that induce cytotoxicity, which can influence cell culture efficacy 

[1-18]. Figure 1-2 shows apoptosis of HeLa cell under RF excitation created by graphitic carbon-

coated ferromagnetic cobalt nanoparticles (C–Co-NPs) [1-19]. 

 
Figure 1-2 A schematic diagram of HeLa cell with C–Co-NPs apoptosis process under RF 

excitation. (courtesy [1-19]) 

1.3 Carbon nanostructures in bio-sensing and diagnostics applications 

Carbonaceous nanostructures due to their different anisotropies and surface properties are good 

candidate to act as a bio-sensor. With the continuous progress of nanotechnology in material 

science, carbon nanomaterials, especially carbon nanotubes (CNTs)[1-20], graphene[1-21] and 

graphene oxides[1-22] have been actively explored by the researchers in bio-sensing applications. 

Graphene and its derivatives (specially graphene oxide) conjugated with numerous materials such 

as conducting polymers, proteins, noble metals and act as bio-sensing platform for detection of 

platelet derived microparticles [1-22], Escherichia coli (E. Coli) [1-23,1-24] and the human 

papillomavirus DNA [1-25]. Figure 1-3 shows schematic design of graphene based biosensors. 
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Figure 1-3 Schematic design of graphene oxide based biosensor. (courtesy [1-22]) 

Recently, different researchers also used carbon based nanostructures/nanomaterials for cancer 

diagnostics. With noble metal (Au, Ag) nanoparticle conjugation, CNTs achieved detection, 

differentiation and therapy of cancer cells [1-26]. Graphene was conjugated with gold nanoparticles 

and differentiation of human breast normal, cancer and cancer stem cells was achieved [1-27].  

1.4 Prevailing synthesis trends for carbon nanostructures/nanomaterials 

Different multi step approaches with vacuum or controlled environment were so far employed to 

fabricate carbon based nanomaterials/nanostructures. The arc discharge method and different types 

of chemical vapour deposition (CVD) techniques are most commonly utilized techniques for large 

scale production of carbon nanotubes and other related type of carbon nanomaterials. Among these 

two methods, the arc discharge method is the oldest one used for carbon nanotube production. The 

same method was used to produce fullerenes and later improved for synthesis of multiwall 
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(MWNT) and single wall (SWNT) carbon nanotubes. Carbon nanotubes (CNTs) fabrication 

process requires transition metal catalysts such as Fe or Co and Mo which subsequently need to 

be separated from the produced raw CNTs and complex purification process is essential to get pure 

CNTs appropriate for biological applications. Exfoliation is usually employed to modify the 

surface of graphite to produce graphene [1-28]. 

 

Figure1-4 A schematic synthesis apparatus for classical laser ablation used for production of 

carbon nanotube [1-29]. (courtesy [1-29]) 

The pulsed laser vaporization (PLV), or laser ablation, is a well-known method currently being 

used to produce Carbon nanomaterials. Creation of different type of carbon nanomaterials (like 

one layer/multi-layer nanotubes, nanohorns, nanofibers, nanoclusters etc. With different size) 

depends on the experimental conditions (like vacuum or buffer gas, presence of catalyst) and laser 

sources. Different researchers have employed different type of laser like Nd: YAG Laser, KrF 

laser, CO2 Laser etc. for ablation [1-30, 1-31, 1-32]. These methods vaporize the carbon and later deposit 

it onto a substrate. 

The ultrashort pulsed laser synthesis has an important advantage over the other pulsed laser is that 

there is little or no collateral damage in dielectric materials. The pulse duration in the Ultrashort 
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laser interaction with a solid target appears to be shorter than all distinctive relaxation times: the 

electron heat conduction time, the electron to ion energy transfer time and consequently the 

hydrodynamic or, the expansion time. 

1.5 Summary  

Carbonaceous nanomaterials have showed numerous inspiring developments concerning cancer 

research especially in diagnosis and therapy. In most cases, however, these nanomaterials must be 

functionalized biologically or chemically due to their biological inertness or possible cytotoxicity. 

So far research emphasis was concentrated on treating C-C molecular structure based carbon 

nanomaterials/nanostructures as a carrier/skeleton and with the aid of further surface modification 

through functionalization with chemical agents or biomolecules tried to attain different 

therapeutic/diagnostic applications. There is a research potential to create an inherently 

functionalized bio-active carbon nanostructure that can stimulate affirmative cell response and 

have prospective biomedical applications in terms of therapy and diagnosis. 

1.6 Research objectives 

Ultrafast pulsed laser ionization assisted synthesis mechanism selectively modify the non-

responsive C-C phase of graphite and offers promise in the generation of new bioactive 

carbonaceous nanostructures/nanomaterials with unique shape, size and physicochemical 

properties. The main objectives of this research are given below: 

• To synthesize 3D self assembled nanocarbon network using ultrafast pulsed laser 

ionization assisted synthesis 

• To explore the therapeutic functionality of the created nanocarbon using HeLa and 

Fibroblast cells. 
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• To identify the diagnostic capability of the created nanocarbon through SERS based label 

free non-plasmonic in vitro sensing and early detection of HeLa and fibroblast cells. 

1.7 Organization of the thesis 

Manuscript based style has been followed to organize the thesis. 

Chapter 2 describes the self-biofunctionalization of non-responsive carbon phase and 

development of a new biocompatible 3D carbon nano-network with a bioactive phase that 

significantly promotes fibroblast cell adhesion. This cytophilic bio-nanocarbon does not require 

any subsequent biological/chemical treatments and considerably stimulates fibroblast cell 

adhesion and subsequent cell proliferation. 

Chapter 3 reveals the dual functionality i.e. cytophilic to fibroblasts but cytotoxic to HeLa cells 

of carbon nanoribbon network platform having a combination of C-C and C-O bond architecture. 

The said platform acts as a favorable attractor and a proliferation-promoting substrate for both 

fibroblasts and HeLa cells. With the passage of time it induces cell-specific anticancer cytotoxicity 

on HeLa cells and lead to cell death (apoptosis) but no harm on mammalian fibroblast cells and 

develops tissue like structures. 

Chapter 4 Introduces a label free unique non-plasmonic SERS based bio-sensing platform using 

SERS active 3D interconnected nanocarbon web for in-vitro detection and differentiation of HeLa 

and fibroblast cells. The sub-10 nanometer structure of the said nanocarbon has self-internalization 

capacity which results in live cell Raman sensing. Individual detection of HeLa and fibroblast cells 

from chemical fingerprints of intracellular components like DNA/RNA, protein and lipids of both 

cell lines have been revealed through Raman spectroscopic peak differences. Additionally, there 

is a guideline for identification of each cell health from spectral responses. 



8 
 

Chapter 5 delineates a nitrogen incorporation-assisted approach to create a new nitrogen enriched 

3D carbon nanoprobe sensor platform and demonstrate a label free non-plasmonic SERS based 

unique technique of early detection of HeLa cancer cells by intracellular sensing. This platform 

demonstrates favorable microenvironment for cell adhesion and SERS hot spots is created inside 

the HeLa and fibroblast cells through internalization of nitrogen enriched 3D carbon nanoprobe 

unit and thereby achieves SERS based live cells Raman sensing. The revealed fingerprints of the 

intracellular components (protein, DNA, RNA etc.) of HeLa and fibroblasts cells guide early 

detection of HeLa cells and thereby cancer diagnosis. 

Chapter 6 summarizes the main results and proposes future direction for this research. 
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Chapter 2 

Biofunctionalized 3-D Carbon Nano-Network Platform for 

Enhanced Fibroblast Cell Adhesion 

Published in Nature Scientific Reports, March 2017 
 

Carbon nanomaterials have been investigated for various biomedical applications. In most cases, 

however, these nanomaterials must be functionalized biologically or chemically due to their 

biological inertness or possible cytotoxicity. Here, we report the development of a new carbon 

nanomaterial with a bioactive phase that significantly promotes cell adhesion. We synthesize the 

bioactive phase by introducing self-assembled nanotopography and altered nano-chemistry to 

graphite substrates using ultrafast laser. To the best of our knowledge, this is the first time that 

such a cytophilic bio-carbon is developed in a single step without requiring subsequent 

biological/chemical treatments. By controlling the nano-network concentration and chemistry, we 

develop platforms with different degrees of cell cytophilicity. We study quantitatively and 

qualitatively the cell response to nano-network platforms with NIH-3T3 fibroblasts. The findings 

from the in vitro study indicate that the platforms possess excellent biocompatibility and promote 

cell adhesion considerably. The study of the cell morphology shows a healthy attachment of cells 

with a well-spread shape, overextended actin filaments, and morphological symmetry, which is 

indicative of a high cellular interaction with the nano-network. The developed nanomaterial 

possesses great biocompatibility and considerably stimulates cell adhesion and subsequent cell 

proliferation, thus offering a promising path toward engineering various biomedical devices. 

  



10 
 

2.1 Introduction 

Carbon based nanomaterials have received considerable attention by researchers for various 

biomedical applications such as scaffolds in tissue engineering [2-1], substrates for stem cell 

differentiation [2-2], components of implant devices [2-3], diagnostic tools and chips [2-4] , biological 

imaging [2-5] , drug delivery carriers [2-6], and antibacterial materials [2-7]. To date, numerous 

research groups have investigated the response of mammalian cells to carbon nanomaterials in 

terms of cell viability, adhesion, and proliferation, with most of the recent works have been 

concentrated on carbon nanotubes (CNTs) [2-8] and graphene [2-9]. Though the carbon nanomaterials 

have shown some satisfactory results for different cell lines in terms of biocompatibility, their 

health and safety issues have been a concern, so they have been widely examined for their toxicity. 

There are still contradictory reports for example for CNTs that show strong cytotoxic activities in 

some cases and ability to cell growth in some other cases [2-10, 2-11]. Therefore, these nanomaterials 

usually should be purified or/and functionalized with chemical/biological molecule for positive 

cell response owing to their possible cytotoxicity or/and chemical inertness. 

In general, the purity of materials influences their cytotoxicity and thus cell responses. As for 

carbon nanomaterials, the purity particularly differs in materials obtained from carbon nano-

compounds [2-12]. Great number of research works have pointed out that one of the most important 

factors contributing to the CNT toxicity is impurities that are introduced during synthesis and 

purification procedures. For instance, CNTs can be produced by several techniques, one of which 

for large-scale production is chemical vapor deposition (CVD). During CVD, contamination of 

CNTs by catalyst residues is unavoidable [2-13] . These impurities lead to cytotoxicity of CNTs. In 

addition, amorphous carbon is considered an impurity that might result in the toxicity of carbon 

nanomaterials [2-12, 2-13, 2-14] . The impurities thus affect cell responses to the surfaces and eventually 
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influence the cell cultures efficiency. Therefore, effective functionalization processes are usually 

necessary to purify CNTs while sustaining their original structures [2-13]. For instance, 

Mottaghitalab et al. [2-15] showed that treating single-walled carbon nanotubes (SWCNTs) substrate 

with the extracellular matrix component fibronectin could reduce these unfavorable characteristics, 

thus enhancing cellular attachment. In another study, Correa-Duarte et al. [2-16] showed that a 3-D 

network of interconnected multi-walled carbon nanotube (MWCNTs) functionalized in an acid 

solution to generate carboxylic groups was favorable for adhesion and growth of mouse fibroblast 

cell line L929. Nevertheless, even after the treatment processes, contaminations that increase 

cytotoxicity may still remain in the resulting product. Besides, the purification method itself may 

introduce unwanted toxic substances to the nanotubes [2-12]. In addition, the biofunctionalization 

stage would add another step to the multistep process of CNT synthesis. 

Unlike CNTs, graphene has a much simpler structure and can also be synthesized as a relatively 

pure layer, which makes it more suitable substrate for the cell growth and differentiation. Indeed, 

previous studies involving adherent cells have reported the positive impact of graphene on the cell 

functions [2-12]. Ryoo et al. [2-17] employed a glass cover slip coated with a thin film of graphene 

and/or MWCNTs to adhere NIH-3T3 mouse fibroblasts cells. They showed that graphene 

improved gene efficiency and focal adhesion and proliferation of fibroblast cells. Aryaei et al. [2-

18] concluded that graphene did not possess any toxic effect on osteoblasts and that the cell adhesion 

was improved with graphene-coated substrate. In orthopedic applications, graphene polymer 

composites have also been designed and evaluated [2-19, 2-20]. Depan et al. reported that the presence 

of graphene oxide in chitosan-graphene oxide scaffolds showed enhanced biological responses of 

osteoblasts, such as cell adhesion, proliferation, growth, and proved its influence in cell scaffold 

interactions [2-19]. Shan et al. synthesized poly-L-lysine-functionalized graphene a biocompatible 
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and relatively friendly environment due to a large number of free active amino groups [2-21]. Yet, 

several researchers have reported that graphene can induce oxidative stress in cultured cells due to 

the formation of reactive oxygen species on its surface [2-22]. The induced oxidative stress is 

believed to contribute to the toxicity of graphene as nanomaterial, so despite positive cell adhesion 

for particular cell lines, their cytotoxic behavior originated from oxidative stress requires further 

functionalization [2-12, 2-23]. For instance, several studies have showed that biocompatible graphene 

could be achieved by chemical functionalization using polymers such as poly (ε -caprolactone) [2-

24] or poly-L-lysine [2-21]. 

All in all, most carbon nanomaterials/nanostructures synthesized so far require further treatments 

to increase biocompatibility and to attract cell response. Hence, there is a need for a bioactive 

carbon with natural functionalization that can trigger cell adhesion and subsequent cell 

proliferation without the necessity for additional chemical or biological surface treatments. 

In this work, we have introduced a novel approach to transform the non-responsive carbon phase 

of graphite substrate to bio-active carbon phase without the use of post-biological or -chemical 

treatments. We have utilized a self-assembled bottom-up approach using femtosecond laser 

ionization of graphite to bio-functionalize graphite substrate through creation of 3-D bio-carbon 

nano-network platforms. The nano-network is considered 3-D because it is composed of 10–20-μ 

m thick multilayer interwoven nanofiber materials. Laser ionization of graphite, which is 

performed at ambient condition without the need for vacuum settings, leads to graphite ionization 

and later formation of nano-network platform, which concurrently alters chemistry and 

nanotopography of the surfaces. The proposed laser ionization technique is performed in ambient 

atmosphere and requires no catalyst or background gas (and no chamber). Therefore, no impurity 

is introduced to the carbon nanomaterial, and thus no post-purification step will be needed. The 
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laser processing parameters can be tuned to create 3-D bio-carbon nano-network platform with 

desired density and chemistry. The morphology and physicochemical properties of the 3-D bio-

carbon nano-network platform have been analyzed using scanning electron microscopy (SEM), 

field-emission scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy 

(EDX), X-ray diffractometer (XRD), X-ray photoelectron spectroscopy (XPS), and micro-Raman 

spectroscopy. Cell-material interaction and biocompatibility of these 3-D bio-carbon nano-

network platform have been investigated with NIH-3T3 fibroblasts (primary cells of connective 

tissue). Adhesion and morphology of the fibroblast cells have been studied quantitatively and 

qualitatively using SEM analysis and fluorescence microscopy (FM). Since cell adhesion is a key 

factor in the subsequent cell activity such as proliferation, protein synthesis, and tissue generation, 

the significant cell-adhesion-promotor property of the developed nano-network platform suggests 

considerable outlook for developing numerous carbon-based biomedical devices. Moreover, the 

simplicity and versatility of the proposed laser technique would make it a promising single-step 

approach to create biocompatible carbon nano-network platforms through functionalizing the 

nanotopography and chemistry of graphite substrates. 

2.2 Experimental Method 

2.2.1 Carbon nano-network platform fabrication 

Isomolded, very fine grain, high strength graphite plate (Graphtek LLC, USA) with 3 mm 

thickness was cut into 4-cm2 squares. These squares were polished with sand papers (3 M Canada, 

1000 grit, 2000 grit and 3000 grit) and then ultrasonically cleaned (Cole-Parmer 8890 ultrasonic 

cleaner) with acetone and ethanol for five min/step and then dried at room temperature. To create 

a 3-D bio-carbon nano-network platform on the top of these polished surface, these substrates were 

irradiated with a diode-pumped, Yb-doped femtosecond laser system (Clark-MXR, Inc.; 
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IMPULSE Series ultrashort pulse laser) at laser pulse repetitions of 4, 8 and 26 MHz and 

atmospheric condition. A fixed stage was used to mount the sample and a computer controlled 

high precision 2-D translation scanner guided the incident laser beam. An array of lines with a 

variation of spaces in between was machined to create the 3-D nano-network. The pulse energy 

transferred to the substrates per unit area -laser fluence (pulse energy/effective focal spot area)-

varied at 4.43, 2.22, and 0.68 J/cm2, referred to as high, medium, and low fluences throughout this 

study, in order to alter the chemistry and nanotopography the developed nano-network. The laser 

wavelength, pulse width, power of the incident laser beam, the laser beam scanning speed, and 

irradiation focal spot area were maintained constant at 1030 nm, 214 fs, 15 W, 1 mm/s, and 84.62 

× 10−8 cm2, respectively, for all laser pulse. The laser source parameters such as wavelength, pulse 

width, pulse repetition, and power were controlled and monitored real-time through a computer. 

The power output was measured before each laser machining to ensure accuracy. The machining 

parameters, such as laser beam speed or beam dwell time and machining path, were also controlled 

and monitored through a separate computer, which was connected to the scanner. The functionality 

and accuracy of the scanner and laser machining parameters were tested before each experiment. 

All parameters were recorded for each experiment to ensure repeatability and reproducibility. 

2.2.2 Morphological and physicochemical characterization of 3-D network 

The morphology of the 3-D bio-carbon nano-network platform was examined by SEM (Hitachi 

SU-1500) and FE-SEM (Hitachi, SU-8200). Following SEM, EDX was carried out to determine 

the elemental composition of irradiated graphite. Micro-Raman spectroscopy (Bruker Senterra) 

(the laser excitation wavelength is at 532 nm), XRD (Rigaku Miniflex 600), and XPS (Thermo 

Fisher Scientific K-Alpha) were employed to analyze the surface chemistry and material 

composition of the 3-D bio-carbon nano-network platform. 
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2.2.3 Cell Culture 

NIH-3T3 mouse fibroblasts cells were grown in a tissue culture flask with Dulbecco’s Modified 

Eagle Medium: Nutrient Mixture F-12 (DMEM/F12), 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin maintained at 37 °C in 5% CO2. Passages between three and six were used 

for cell studies. 

2.2.4 NIH-3T3 mouse fibroblast cells-material interaction  

 

Prior to seed the cells, the ablated samples were kept under UV light for 20 minutes. The samples 

then placed inside the Petri dishes containing 3 ml of DMEM/ F12 medium and 10% FBS per dish 

and NIH-3T3 mouse fibroblasts cells were seeded at a density of 105 cells/ml. The Petri dishes 

were incubated for 24 and 48 hours. The spent medium was removed, and the samples were fixed 

with glutaraldehyde after incubation. Subsequently, the sample was washed twice with 1% sodium 

cacodylate buffer (PH of 7.3) at 4 °C. Then, the cells were dehydrated through a graded ethanol 

series (from 10% to 100%) for 15 min. Then, the samples were critical point dried and before the 

SEM examination, samples were sputtered with a gold layer. 

2.2.5 Fluorescent staining of cells 

In the first step, paraformaldehyde was used to fix the samples. Then it was followed by incubation 

in skimmed milk powder to prevent non-specific binding. The samples are then incubated with 

Alexa Fluor 488 phalloidin (Life Technologies) to stain the actin and cytoskeleton followed by 

DAPI (4′, 6′-diamidino-2-phenylindole, Life Technologies) to stain the nucleus. An epi-

fluorescent Nikon E-400 microscope with FITC and DAPI filter was used, and the data were 

recorded using a DS-5M-U1 color digital camera (Nikon, Canada). 
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2.2.6 Statistics 

All experiments were done in triplicate, and the data represented the mean ± standard deviation 

unless otherwise mentioned. The cell counting was made using SEM micrographs and image 

processing software. 

2.3 Results 

2.3.1 Synthesis of 3-D nanofibrous network on Graphite substrate 

 

The 3-D bio-carbon nano-network platform was synthesized by ultrashort femtosecond laser 

processing of graphite plates at ambient condition. The schematic of the bottom-up fabrication 

process is represented in Fig.2-1. In general, the formation of nano-network is a function of 

ionization energy, which directly correlates to laser parameters, such as laser power, ultrashort 

pulse laser fluence, laser repetition, and scanning speed, background gas (air), and the material 

properties. In this study the ultrashort pulse laser fluence, which is defined as laser pulse energy 

per beam area, were tweaked to achieve different nanotopography and chemistry. The change in 

substrate chemistry is mainly due to the ionization of the graphite by high-energy femtosecond 

laser pulse. The concentration of created carbon nano-network (𝜌𝑛𝑠) is proportionate to the number 

of ionized carbon nanoparticles (𝑁𝑛𝑝) per pulse, which is directly proportional to the ultrashort 

pulse laser fluence, 𝑓 [𝐽 𝑐𝑚2]⁄ = 𝐸𝑝[𝐽] 𝐴𝑓[𝑐𝑚2]⁄ , where 𝐸𝑝 is laser pulse energy and 𝐴𝑓 is 

effective laser beam area, and is inversely proportional to laser machining speed [2-25], 𝜌𝑛𝑠 ∝

1

𝑆
(𝑓)1/2 The number of pulses arriving in the same area and thus the transported energy to the 

substrate can also be controlled with the combination of beam scanning speed and pulse repetition 

rate. In this study, the ultrashort pulse laser fluence of 4.43, 2.22, and 0.68 J/cm2, high, medium, 

and low fluence,  
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Figure 2-1: Schematic of the laser ionization of graphite substrate and the synthesis of nano-

network platform and its corresponding SEM micrographs. 

were employed to create carbon nano-network with three different density and altered chemistry. 

Figure 2-2 compares SEM micrographs of a native graphite substrate and the morphology of the 

nano-network platforms created at low, medium and high fluence with their corresponding FE-

SEM micrographs of their constituent nanoparticles. The SEM micrographs in Fig. 2-2 (A–D) 

illustrate the evolution of web-like interlinked nano-network on the native graphite surface from 

low to high ultrashort pulse laser fluence irradiation. In respect to surface morphology, processing 

with low ultrashort pulse laser fluence resulted in a less dense nanofibrous network with some 

degree of porosity within it (Fig. 2-2 B). With the increase of ultrashort pulse laser fluence, denser 

packed nanofibrous structures were synthesized as high energy per pulse led to higher surface 

ionization, greater nanoparticle generation in the plume, and thus denser aggregation thereof. The 

FE-SEM micrographs of the fabricated nano-network shown in Fig.2-2 also confirmed the 
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interconnected nature of nanoparticles. Careful adjustment of laser processing parameters enabled 

us to achieve, in addition to nanotopography changes, desired chemistry alteration of the 

nanostructures.  

 

Figure 2-2: The SEM and corresponding FE-SEM micrographs of (A) native graphite substrate 

and the nanonetwork platforms created at (B) low (C) medium, and (D) high laser fluence. 
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Micro-Raman, XPS, XRD, and EDX analyses were conducted to examine the material chemistry 

of the nano-networks. Micro-Raman spectra of graphite are characterized by two zone center optic 

phonons that propagate along the crystalline c axis [2-26, 2-27]. The configuration of the sp2 sites in 

the sp2 bonded clusters evaluates the dependency of the peaks in the spectrum. E2g, the doubly 

degenerate in-plane optical vibration, is Raman active. For graphite, there are two different E2g 

modes. The difference in energy between the two E2g modes has assigned the Raman Bands that 

is observed in the single crystal of graphite [2-28, 2-29]. G band arises due to the high energy phonon 

(E2g) which corresponds to in-plane, covalent carbon– carbon bond stretching. The low-energy 

phonon (E2g) corresponds to a shearing motion of the weak, inter-planar van der Waals bonds, 

which shows D band. Figure 2-3A compares the Raman spectra of a native graphite substrate and 

the nanofibrous network created with different ultra-short pulse laser fluence. For both native 

surface and nano network surface, D band peak and G band peak appeared in the range of 1330 

cm−1 to 1365 cm−1 and 1555 cm−1 to 1565 cm−1, respectively [2-30]. Two other prominent peaks also 

appeared at 2314 cm−1 and about 2700 cm−1, which are known as D’ and G’, and have been 

previously reported by other researchers [2-28]. For characterizing nano graphitic structures, the 

determination of the in-plane crystallite size, which is referred to as La, is widely used. An 

empirical relationship relating La and Id/Ig have been used where ID and IG are the intensities of 

D and G bands. Earlier, Tuinstra and Koenig [2-29] performed Raman and XRD studies on different 

graphitic samples with different in-plane crystallite sizes La and concluded that the ratio of the 

intensities of D and G bands, Id/Ig, was inversely proportional to the crystallite sizes La. Based on 

the experiment of Tuinstra and Koenig [2-29], later L. G. Cancado et al. [2-31] developed a general 

equation of the in-plane crystallite size La of crystalline graphite as follows: 
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Where, λl is the laser excitation wavelength, ID and IG are the intensities of D and G band. Using 

Id and Ig intensities of D and G band and Equation 1, the in-plane crystallite sizes La were 

calculated, as detailed in Table 2-1. The dependence of the intensities ratio on the crystallite size 

and effect of the ultrashort pulse laser fluence on the nano-network crystallite formation was 

graphically presented in Fig.2-3B and C. 

 

Figure 2-3: (A) A comparison of Micro-Raman spectra of native graphite and the nano-network 

platform synthesized at different laser fluences, (B) the relationships between crystallite size La 

and ID/IG ratio, and (C) the influence of the laser fluences on the crystallite size La. The ID/IG ratio 

is recorded from the Micro-Raman spectra, and it is used to calculate crystallite size La using 

Equation 1. 
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Table 2-1. Crystallite size (La) calculation using Equation 1 and the Id and Ig intensities from 

Micro-Raman spectra of nano-network platforms developed at different fluences. 

 

 

XPS, FE-SEM-EDX, and XRD analyses were conducted to characterize the surface chemistry and 

crystal structure of the synthesized 3-D bio-carbon nano-network platform. Figure 2-4 presents the 

characteristic XPS spectra of carbon nano-network platform synthesized at high fluence and native 

graphite substrate, which compare the chemical state of carbon atoms in these two different 

positions. Two characteristic peaks were observed at 285.08 eV and 533.08 eV for both the carbon 

nano-network platform and the native graphite substrate. The peak positions 285.08 eV and 533.08 

eV in both the carbon nano-network platform and the native graphite substrate can be ascribed to 

C1s and O1s, respectively [2-32, 2-33]. The quantitative analysis of the major elements as depicted 

from the graph (Fig.2-4 C) indicates the increased percentage of oxygen in the synthesized carbon 

nano-network platform in comparison with native substrate, which is the result of surface 

ionization in ambient atmosphere. There was a slight, insignificant variance in oxygen content in 

the created nano-network platforms with the medium and low fluence. 

As shown in the Fig.2-5A, the FE-SEM-EDX analysis of the 3-D bio-carbon nano-network 

platform patterns confirmed they mainly consisted of carbon with a small trace of oxygen. Figure 

2-5B compares the XRD patterns of the native graphite substrate and the 3-D bio-carbon nano-

network platform developed on graphite substrates. XRD patterns revealed the presence of 

standard nano-graphite crystalline orientations as mentioned in Fig.2-5B with the exception peak 
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at 2θ ≈ 32, which is attributed to crystalline carbon (C-00-046-0943). However, A Marcu et al. [2-

34] reported a similar peak with an almost identical angular position corresponding to the diamond 

maximal intensity peak (Miller indices - 022). 

 

Figure 2-4: XPS spectra of (A) native graphite substrate and (B) the nano-network platform; (C) 

XPS quantitative analysis of major elements on both untreated graphite substrate and the nano-

network platform created at high fluence. 
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Figure 2-5: (A) FSEM-EDX elemental mapping of the created nano-network platforms at different 

laser fluences and their corresponding oxygen (O) and Carbon (C) spectra; (B) Comparison of 

XRD patterns of native graphite substrate and the nano-network platform indicating the presence 

of standard crystalline nano-graphite pattern as of native graphite except the peak at 2θ ≈ 32 which 

is associated to crystalline carbon (C-00-046-0943). 
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2.3.2 Cell interaction with carbon nano-network 

Fibroblast cells were used to study the cell adhesion to examine the biofunctionality of the 

synthesized 3-D bio-carbon nano-network platform. Fibroblasts were seeded on a native graphite 

substrate and 3-D bio-carbon nano-network platforms with low, medium, and high nano-network 

concentration, which were created on graphite substrates at different ultrashort pulse laser 

fluences, as illustrated in Fig.2-6. 
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Figure 2-6: Schematic of native graphite and the nano-network platforms fabricated at different 

laser fluences and the corresponding SEM micrographs of the substrates before and after fibroblast 

response after 24 h. (Graphics of the Petri dish and the cells were adapted from Servier Medical 

Art - creativecommons.org). 

 

SEM (Fig.2-7(A–D) and (H–J)) micrographs of adhered cells were used to assess the cell adhesion 

and the cell morphological characteristics. 

 

Figure 2-7: SEM micrographs of fibroblasts adhered on (A) native graphite and (B–D) the nano-

network platforms created at low, medium and high fluences, respectively; corresponding 

fluorescence microscopy images of (E–G) nano-network platforms created at low, medium and 

high fluence, respectively after 24 h of culture; and SEM micrographs of fibroblasts cultured on 

(H-J) low, medium and high fluence mediated nanonetwork, respectively, after 48 h. 
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Studying the SEM micrographs of the native graphite substrate (Fig.2-7 (A)) revealed that no cell 

was attached to the substrate surface. Whereas, the fibroblasts cultured for 24 h on the 3-D bio-

carbon nano-network platform synthesized by low, medium and high ultrashort pulse laser fluence 

(Fig.2-7(B–D)) were attached perfectly. The number of attached cells varied on different substrates 

with a rising trend from low to high fluence. There was also a morphological symmetry of the cells 

among those adhered to nano-network. The cells were well adhered to the substrate, flats, 

proliferative, overlapping each other and covering the entire nano-network platforms for all the 

cases. The fibroblasts attached to the 3-D bio-carbon nano-network platform was well spread and 

flattened on the substrate with a morphological symmetry and their filopodia and actin filaments 

overextended along the nano-network zones, which is suggestive of high cellular interaction with 

a substrate. Cell area after 48 h of culture for cells adhered on nano-network platforms was 

significantly greater compared to that after 24 h in vitro. Fluorescence images (Fig.2-7(E–G)) were 

coherent with the SEM micrographs. According to the SEM micrographs of cells cultured for 48 

h (Fig.2-7(H–J)), the density and size of the fibroblasts increased dramatically. The fibroblast 

attached to 3-D bio-carbon nano-network platform was organized intimately, sometimes 

overlapping each other. After 48 h of culture, the cells interlinked with each other and formed 

tissue-like structures. The trend is more prominent on the nano-network created at high laser 

fluence. In the next part of the study, we counted the number of cells that adhered on nano-network 

platforms fabricated at different ultrashort pulse laser fluences in comparison with the native 

control surface (see Fig.2-8). The number of cells attached to the native surface was negligible 

compared to that of the nano-network areas. Cell morphology could be a good indication of cell 

response to the substrates, e.g., well-spread polygon shape with extended filopodia is suggestive 

of healthy cells and increased cellular interaction with a substrate, and round shape is mainly 
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indicative of non-proliferating/apoptotic like cells [2-35, 2-36]. Therefore, we separately screened the 

number of attached flat cells and round cell to realize the proliferation of healthy cells on nano-

network. As observed from the bar graph in Fig.2-8, there was an increasing trend in the number 

of flat cells adhered on the low fluence platform to high fluence one. While, the number of rounded 

cells showed a steady trend over different platforms. 

 

Figure2-8: Quantitative analysis of the number of NIH 3T3 fibroblasts adhered on the untreated 

graphite substrate and the nano-network platforms created at different fluences. 

SEM micrographs in Fig.2-9 depict the response of individual cells with carbon nano-network 

after 24 and 48 h of growth. The cell adhesion and spreading pattern were almost the same for all 

the nano-network areas created at different ultrashort pulse laser fluences. The cells were well-

adhered with flat shaped, and horizontally extended filopodia over the nano-network, which 

suggested strong adhesion. The filopodial extensions and anchoring points were shorter for the 

cells attached on low fluence mediated nano-network after 24 h and not prominent in 48 h (Fig.2- 
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9(D)) compared to those adhered on high fluence platform. On the other hand, the long and strong 

filopodia extensions were observed for medium and high fluence mediated nano-network after 

both 24 and 48 h.  

 

Figure 2-9: SEM micrographs of the fibroblast cells adhered on low, medium and high fluence 

mediated nanonetwork platforms, respectively, after (A–C) 24 h and (D–F) 48 h of culture. 

To further analyze cell phenotype and nucleus, fluorescence microscopy was employed where 

actin cytoskeleton and the nucleus of cells were stained in green and blue, respectively. The results 

were consistent with the SEM observations. The fluorescence data from Fig.2-10(A–C) revealed 

the activity of both cytoskeleton and nucleus of fibroblasts on nano-network synthesized under 

varying fluence. The fibroblast cells were nicely adhered and grew by spreading over the 

nanostructured area for all three fluence mediated nano-network. In comparison to low fluence 

mediated area, the cells were well spread and flat in the other two nano-network (Fig.2-10 (B, C). 
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Contractile stress fibers, which have been shown to play an important role in cell adhesion and 

migration [2-37], were also observed for cells on all three platforms cultured both for 24 and 48 h, 

as depicted in Fig.2-10. The area of nuclei of the cells for different platforms was also measured 

and  

 

Figure 2-10: Fluorescence microscopy images and quantitative analysis of the surface area of the 

nucleus of fibroblasts attached on the platforms created at (A) low (B) medium, and (C) high laser 

fluence. 

plotted in Fig.2-10 for comparing the size of the cells. Since, the cells adhered on the nano-network 

platforms grew very well and overlapped each other, distinguishing and counting an individual 

cell was deemed very difficult, and counting the area of cells might lead to inaccurate results. 

Therefore, the quantitative analysis of the area of the nuclei was performed instead to obtain the 
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most accurate results and correlated those to the cell size, which were in agreement with qualitative 

results from SEM observation of cells. There is a direct relationship between cell size and nuclear 

size, and for a given cell type the nuclear/cell volume ratio (karyoplasmic ratio [2-38]) is said to be 

constant [2-38, 2-39, 2-40]. Though there was a variation in the area of nucleus in the three platforms, 

the morphological character was the same for all the platforms. 

2.4 Discussions 

In this study, bio-functionalization of graphite surface were achieved through the synthesis of 3-D 

bio-carbon nano-network platform on graphite substrates by ultrashort femtosecond laser 

processing at ambient atmosphere. At the time of interaction between laser pulses with substrate 

surface on femtosecond time scale, energy deposited into the material faster than needed for the 

system to react and lead to ion ejection, i.e. ablation from the target. Unlike 

nanosecond/picosecond laser ablation, femtosecond laser processing has the advantage of having 

little or no collateral damage due to shock waves and heat conduction produced in the material 

being processed [2-41]. The primary mechanism leading to ablation by femtosecond laser pulses 

were mechanical fragmentation, homogeneous nucleation and vaporization [2-42]. A high 

temperature reactive multimodal ablation plasma plume containing neutral carbon (C), carbon 

radicals (C2, C3) and carbon ions (C+, C2+) was generated due to the femtosecond laser irradiation 

of graphite substrate [2-43]. The faster-moving carbon ions situate at the top of the expanding plume 

while heavier radicals and neutral carbon molecules reside at the bottom. The change of fluence 

from low to high controls the ratios of the plume components and has a significant effect on the 

growth of nanofibers. With the increment of ultrashort pulse laser fluence, more energy is induced 

into the plume, which in turn enhances the ratio of carbon ion to other components in the plasma 

plume. This results in higher level of carbon ionization (C+, C2+) and increases the number of 
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carbon nano-species in the plasma plume, which will eventually condense and aggregate to form 

densely packed interwoven nano-network. There was an ascending trend in web-like interlinked 

3-D nano-network created in and around to laser irradiated lines with the increase in ultrashort 

pulse laser fluence due to the indicated reasons, which was evident from the SEM micrographs of 

the substrates (Fig.2-2(B–D)). When plasma plume got outward expansion in presence of ambient 

atmospheric gas, there was a heat transfer between them and subsequent condensation took place. 

The oxygen atom that present in the ambient gas and came in contact with the boundary of the 

plume had a chemical interaction with the carbon ion and there was some trace of C–O molecular 

bonding presence in the created nano-network, as evidenced by the FE-SEM-EDX analysis in Fig. 

2-5(A). Micro-Raman spectra of both native graphite substrate as well as the nano-network areas 

(Fig.2-3(A)) showed the graphite specific spectrum with graphite G- Peak and ‘disorder induced’ 

D peak as referred to elsewhere [2-44], although there was a slight deviation of positions of the 

peaks. The graphite crystallite size La gave a focus on the characteristic changes by femtosecond 

irradiation during recrystallization process, as shown in Fig.2-3(B). The nanocrystallite size of the 

nano-network formed reduces with the increase of laser fluence. The high fluence with more 

ionization energy resulted in more carbon ions in the plume, which when condensed created 

widespread nano-network branches of reduced crystallite size, evidenced from the FE-SEM (Fig.2-

2(D)). Several factors, such as material physical properties, degree of ionization, and the ambient 

gas characteristics, contribute a remarkable influence on the crystalline structure of the products 

after laser ablation [2-41, 2-45]. However, since in this study laser ablation is performed in ambient 

air at atmospheric pressure, the plume expansion, condensation, nucleation, and crystallization are 

mostly governed by diffusion to the background air rather than adiabatic expansion as in laser 

ablation in vacuum. Therefore, the characteristics of ambient gas play a much more important role 
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on the crystalline structure of the nanostructures than the degree of ionization/plume temperature, 

which are slightly affected by laser fluence [2-41]. This is why the changes in crystal size was only 

about 10%. Our results from micro-Raman and XPS analyses revealed that there were changes in 

surface chemistry due to the presence of C–O molecular bond along with the C–C bonds in the 

created nano-network. Surface of carbon nano-network platform had higher amount of oxygen in 

comparison with native substrate, which was the result of surface ionization at very high 

temperature in ambient atmosphere. As our findings showed, the nano-network carbon consisted 

of crystalline carbon with larger crystalline size compared to native graphite. XRD analysis also 

confirmed the dominance of C–C bonds in the resulted 3-D bio-carbon nano-network platform 

with the presence of standard nano-graphite crystalline orientations which was in line with 

standard graphite diffraction pattern. 

Our studies on fibroblast cell response to the synthesized 3-D bio-carbon nano-network platform 

showed that the interwoven nano-network were effectively affirmative in adhering the cells 

compared to the native graphite surface where the same cells were seeded for 24 h. The native 

graphite surface has failed to generate enough favorable cues for initial attachment of the fibroblast 

cells. According to recent studies, the adhesion of cells to a substrate can be divided into two basic 

steps: initial attachment and adhesion [2-46]. The change in surface nanotopography resulted from 

3-D nano-network platform and surface chemistry because of the presence of C–O bond in the 

nano-network provided stimulation for cell adhesion. The resulted nano-network surface is 

believed to improve adsorption of different extracellular matrix proteins such as fibronectin, 

vitronectin and collagen, which ultimately helps cell adhesion [2-47]. These molecules might be 

adsorbed from the serum of the culture medium in such an appropriate amount with favorable 

conformation that cell adhesion receptors, e.g., integrins, are able to access specific amino acid 



33 
 

sequences for affirmative cell adhesion [2-48, 2-49, 2-50]. Again, in the biological interactions of 

nanomaterials, surface area plays a key role [2-51, 2-52]. The bio-carbon nano-network platform 

synthesized at high fluence posse greater degree of interconnected nanofibers, which results in a 

higher surface area with reduced crystallite size compare to that of low fluence-mediated nano-

network. This might give a significant amount of surface exposure for protein adsorption and 

eventually more sites for cells adhesion [2-53]. The extracellular matrix (ECM)-like morphology of 

the nano-network, which provides the tissue-like micro-environment for the cells, promote 

subsequent cell adhesion and proliferation. In order to evaluate the biocompatibility of bio-carbon 

nano-network platform, a quantitative analysis of the number of NIH 3T3 fibroblast cell adhered 

on nano-network platforms at different fluence conditions (low, medium and high) was performed 

(Fig.2-8). The cells adhered on the nano-network areas were flat and well adhered. The number of 

rounded cells was very less compare to the flat cells. Normal morphological characteristics of flat 

cells with well-formed cytoskeleton and filopodia indicated the biocompatibility of bio-carbon 

nano-network platform. Also, the fact that all the cell that adhered on the nano-network platform 

synthesized with low, medium and high fluence formed stress fibers, as evident from Fig.2-10, 

implied that the resulted nano-network provided favorable cues for initiating stress fibers. On the 

other hand, the rounded cells that were counted mostly resided on the top of the other flat cells and 

in agglomerated form. These cells might not have found a proper site or contact to start 

proliferation. Therefore, the findings suggested the positive proliferative nature of the developed 

nano-network platform and confirmed that it promoted robust fibroblast growth. It is expected that 

the proposed approach to bio-functionalize carbon surface advance the development of new 

biomedical devices for diverse biomedical applications, such as tissue engineering, orthopedic and 

dental implants, and drug delivery devices. 
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2.5 Summary 

In this work, we reported the developing a new bio-carbon nano-network platform with significant 

proliferative property on fibroblast in a single step without the use of post-biological or -chemical 

treatments. We applied a bottom-up approach based on ultrafast laser ionization to bio-

functionalize graphite substrate via the creation of self-assembled 3-D carbon nano-networks. 

Ultrafast laser ionization of graphite resulted in graphite ionization and generation of 3-D bio-

carbon nano-network platform with modified nano-chemistry and nanotopography. Different 

degrees of cell proliferations were achieved by controlling the transferred ultrashort pulse laser 

energy to the surface, which directly altered both the concentration and nano-chemistry of the 

nano-network. The in vitro biocompatibility of the fabricated nano-network was studied 

quantitatively and qualitatively with fibroblasts. The findings from SEM and FM analyses 

confirmed strong attachment and growth of healthy fibroblast cells on the graphitic carbon nano-

network compared to the untreated counterpart. The cell morphology and adhesion patterns were 

nearly the same for all the nano-network areas fabricated at different ultrashort pulse laser fluences. 

The number of cells adhered on the high fluence-fabricated platform in 24 h was 91-fold more 

compared to untreated graphite, which indicated the high proliferative nature of the developed 

nano-network. Interlinked tissue-like structures were observed after 48 h of culture, where no 

single cell was clearly identifiable. The results of this study suggest that the developed nano-

network platform not only is biocompatible but also encourages fibroblast proliferation vigorously. 

The simplicity of the proposed technique to rapidly transform biologically-inactive graphite to 

biocompatible cell-adhesive substrates will make it a unique approach for developing bio-

functionalized carbon-based platforms for the use in biosensing, bioimaging, cancer therapy, and 

tissue engineering. 
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Chapter 3 

Fibroblast-Cytophilic and HeLa-Cytotoxic Dual Function 

Carbon Nanoribbon Network Platform 

Published in ACS Applied Materials and Interface, May 2017 

 

Carbon nanomaterials have emerged as a promising material in cancer diagnosis and therapy. 

Carbon nanomaterials/nanostructures (C-C molecular structure) act as a carrier/skeleton and 

require further surface modification through functionalization with chemicals or biomolecules to 

attain a cell response. We report the synthesis of a novel carbon nanoribbon network (CNRN) 

platform that possesses a combination of C-C and C-O bond architecture. The bioactive CNRN 

showed enhanced ability for cell adhesion. Most importantly, it induced opposite cell responses 

from healthy cells and cancerous cells, cytophilic to fibroblasts but cytotoxic to HeLa cells. 

Ultrafast laser ionization in ambient conditions transforms nonbioresponsive C-C bond of graphite 

to C-C and C-O bonds, forming self-assembled CNRN platform. The morphology, nanochemistry 

and functionality on modulating fibroblast and HeLa adhesion and proliferation of the fabricated 

CNRN platforms were investigated. The results of in vitro studies suggested that the CNRN 

platforms not only attracted but also actively accelerated the adhesion and proliferation of both 

fibroblasts and HeLa cells. The proliferation rate of fibroblasts and HeLa cells is 91 and 98 times 

greater compared with that of a native graphite substrate, respectively. The morphology of the cells 

over a period of 24 to 48 h revealed that the CNRN platform induced an apoptosis-like cytotoxic 

function on HeLa cells, whereas fibroblasts experienced a cytophilic effect and formed a tissue-

like structure. The degree of cytotoxic or cytophilic effect can be further enhanced by adjusting 

parameters such as the ratio of C-C bonds to C-O bonds, the nanoribbon width, and the nanovoid 
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porosity of the CNRN platforms, which could be tuned by careful control of laser ionization. In a 

nutshell, for the first-time pristine carbon nanostructure free from biochemical functionalization 

demonstrate dual function, cytophilic to fibroblast cells and cytotoxic to HeLa cells. 

3.1 Introduction 

Nanomaterials with a proven track record in biomaterial research have shown substantial promise 

in cancer diagnosis and therapy. Carbon-based nanomaterials, such as carbon nanotubes (CNTs), 

[3-1] carbon nanowalls (CNWs), [3-2] and graphene and its derivatives, [3-3, 3-4] have been actively 

explored for cancer research, which includes early detection of cancer, [3-5] chemo−photothermal 

therapy, [3-6] and controlled drug delivery. [3-7] When used as an agent for cancer treatment and 

diagnosis, [3-1, 3-8] CNTs act as nanocarriers loaded with a variety of biomolecules and drugs. CNWs 

provide a skeleton for the conjugation of chemical molecules that help in the attachment of cells. 

The current studies of CNWs for cell adhesion and proliferation behavior, mammalian or cancer, 

have been limited to chemical surface alterations of CNWs through surface plasma 

functionalization. [3-2, 3-9, 3-10]  

 

Pristine CNTs are generally cytotoxic. As-synthesized CNTs contain amorphous carbon and 

residue catalytic particles. Postsynthesis purification cannot completely remove these impurities. 

The cytotoxicity of these impurities can influence cell culture efficacy. [3-11] As a result, pristine 

CNTs are seldom used alone as an anticancer agent. Hence, there are limited reports on the direct 

interaction of CNTs with cancer cells. Zhang et al. [3-12] prepared five types of CNT scaffolds and 

investigated their influence on the viability of HeLa cells. They concluded that the viability of 

HeLa cells cultured on these scaffolds decreased greatly on single-wall carbon nanotubes 

(SWCNTs) compared with amylose-wrapped SWCNTs.  
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Graphene is another branch of carbon nanomaterials that has gained much attention for cancer 

diagnosis and treatment. It has aided in the focal adhesion and proliferation of mammalian cell 

lines, such as fibroblasts and osteoblasts, with improved gene efficiency, without showing any 

toxic effects. [3-13,3-14] On the other hand, some researchers reported the induction of oxidative 

stress in cultured cells because of the formation of reactive oxygen species on the graphene surface 

[3-15, 3-16]. The cellular interactions, specifically the cellular proliferation, spreading area, and 

cytotoxicity, of graphene and its derivatives with different cancer cell lines have also been actively 

investigated by different research groups. [3-17, 3-18, 3-19] Markovic et al. [3-20] with their experiment 

on the photothermal anticancer activity of near infrared (NIR)-excited graphene suggested that 

graphene nanoparticles performed significantly better than CNTs in inducing the photothermal 

death of human glioma (U251) cells in vitro. However, it requires an external source to induce 

anticancer activity. 

 

Graphite exists as a layered material in its bulk form. Exfoliation is usually employed to modify 

the surface of graphite to produce graphene. [3-21] A variety of physiochemical strategies have been 

developed for graphite exfoliation. Throckmorton and Palmese [3-22] presented an alternative path 

for direct exfoliation of graphite, which is capable of single-pot preparation of nanocomposites of 

graphene. Bai et al. [3-23] developed a sonochemical approach and synthesized graphene− gold 

nanocomposites from graphite flakes. Regardless of synthesis routes, similar to CNTs, carbon 

nanomaterials/ nanostructures with C−C bonds as their core structure have primarily acted as 

carriers/skeletons and have required further functionalization to attain biocompatibility and cell 

response. The multistep functionalization conjugates therapeutic molecules or ligands onto the 

graphene surface to render its anticancer property. 
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Figure 3-1: Graphical abstract showing bio activation of carbon nanoribbon network with 

multiphoton ionization and time dependent fibroblast and HeLa cell response on the created carbon 

nanoribbon network. 
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In the present investigation, we report the synthesis of a unique carbon nanoribbon network 

(CNRN) platform that comprises a mixture of C−C and C−O molecular bonds. The platform was 

developed by adopting a self-assembled bottomup approach using femtosecond laser ionization 

that converted the non-bioresponsive graphite substrates to a bioactive interwoven CNRN 

platform. This process modified both the nanotopography and the nanochemistry of the carbon 

structure. The adjustment of laser ionization parameters resulted in variations in physical 

morphology, such as the nanoribbon width and nanovoid density, and in chemical composition, 

such as the ratio of the C−O bond, which plays a major role in creating variance in attracting, 

adhering, and proliferating both fibroblast and HeLa cells. Initially, the created nanoribbon 

network acts as a favorable attractor and a proliferation-promoting substrate for both fibroblasts 

and HeLa cells. In time, the same platform acted more favorable for the proliferation of fibroblasts 

but apoptosis for HeLa cells. In other words, the CNRN platform induced cell-specific anticancer 

cytotoxicity with the passage of time with no harm on mammalian cells. These results indicate the 

possibility of pristine carbon nanostructure as an anticancer agent with minimal side effects. 

3.2 Experimental Method 

3.2.1. Bioactive CNRN Platform Fabrication. 

Square samples (2 × 2 cm) were cut from 3 mm thick isomolded graphite plates (Graphtek LLC, 

USA) with extremely fine grain and high strength. The surface of the samples was polished with 

sand paper (3M Canada, 1000, 2000, and 3000 grit) and then ultrasonically cleaned (Cole-Parmer 

8890 ultrasonic cleaner) with acetone and ethanol for 5 min, followed by ringing and drying at 

room temperature. Multiphoton ionization was created with a diode-pump, an Yb-doped 

femtosecond laser system (Clark-MXR, Inc.; IMPULSE Series ultrashort pulse laser), to 

synthesize the bioactive CNRN platform on the top polished surface of the square graphite 
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substrate plate. Three different laser pulse repetitions of 4, 8, and 26 MHz and two laser beam 

scanning speeds of 1 and 7.5 mm/s under atmospheric conditions were used to alter the 

nanotopography and nanochemistry of the developed nanonetwork. The pulse energy transferred 

to the substrates per unit area (ultrashort pulse laser fluence) was varied at 4.43, 2.22, and 0.68 

J/cm2, which are referred to as high, medium, and low influence throughout this study. The sample 

was mounted on a fixed stage, and a computer-controlled high-precision two-dimensional (2D) 

translation scanner guided the incident laser beam. To create the bioactive CNRN platform, an 

array of lines with variable line spacing was ablated. For all laser pulses, the laser pulse width, the 

power of the incident laser beam, and the irradiation focal spot area were maintained constant at 

214 fs, 15 W, and 84.62 × 10−8 cm2, respectively. A computer-based monitoring system assured 

the consistency and accuracy of these parameters. 

3.2.2. Morphological and Physicochemical Characterization of the CNRN Platform. 

Scanning electron microscopy (SEM) (Hitachi SU-1500) was employed to describe the surface 

morphology of the self-assembled bioactive CNRN platform. Field emission SEM (FESEM, 

Hitachi, SU-8200) was used to determine the nanoribbon width distribution and nanovoid area 

distribution for each created CNRN platform. Analysis of the images from FE-SEM, using Image 

J (image processing software), revealed three categorizations of low, medium, and high dense 

structural characteristic indices.  

Micro-Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were used to analyze the 

chemical composition of the bioactive CNRN platform. Micro-Raman spectroscopy also deduced 

crystallinity information of the created CNRN platform. A Bruker SENTERRA dispersive Raman 

Microscope (laser excitation wavelength was 532 nm) was used to get the Raman spectra of the 

CNRN platform. 
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To get the XPS data, 1 cm2 samples were irradiated with the laser system. The XPS data were 

collected using a Thermo Fisher K-Alpha XPS system using a monochromated Al Kα X-ray source 

with a 2:1 ellipse spot size of 400 mm as the major axis. Regional scans were performed at 50 eV 

pass energy and 0.1 eV point spacing to give better energy resolution and peak shape definition. 

Using the Avantage software, the quantification of C and O was obtained. 

3.2.3. Cell Culture. 

The functional assessment of the fabricated bioactive CNRN platform was accomplished using 

mouse embryonic fibroblasts (NIH-3T3, ATCC, USA) and cervical cancer cells (HeLa, ATCC, 

USA). These cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)/F12 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, and the cultures 

were incubated at 37 °C in a humidified 5% CO2−95% air atmosphere.  

3.2.3.1. NIH-3T3 Mouse Fibroblast Cells and Cervical Cancer Cells (HeLa) seeding on CNRN 

Platform. 

Prior to in vitro studies, CNRN platforms were exposed to UV light for 20 min for sterilization. 

Subsequently, the platforms were placed inside Petri dishes containing 3 mL of DMEM/F12 

medium and 10% FBS per dish, and the cells were seeded at a density of 105 cells/mL. The Petri 

dishes were placed in an incubator for 24 or 48 h. The samples were fixed with 2% glutaraldehyde 

after removing the spent medium. Subsequently, the samples were washed twice with 1% sodium 

cacodylate buffer (pH 7.3) at 4 °C. Then, the cells were dehydrated through a graded ethanol series 

(from 10 to 100%) for 15 min and were critical point dried. The samples were then sputtered with 

a gold layer before SEM examination. With a Hitachi SU1510 scanning electron microscope, the 

cellular morphology of the cells seeded on the samples was observed. The energy-dispersive X-
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ray (EDX) mapping of these samples was carried out using Oxford EDX to characterize CNRN 

uptakes caused by endocytosis. 

3.2.3.2. Fluorescent Staining of Cells. 

To perform fluorescence microscopy (FM), the samples were first fixed in methanol-free 

paraformaldehyde. Then, incubation in milk was performed to prevent nonspecific binding. 

Further incubation of the samples was then performed using Alexa Fluor 488 phalloidin (Life 

Technologies) to stain the actin and the cytoskeleton, followed by 4′,6′-diamidino-2- phenylindole 

(DAPI, Life Technologies) to stain the nucleus. The samples were studied using an epifluorescent 

Nikon E-400 microscope with a fluorescein isothiocyanate (FITC) and DAPI filter. The data were 

recorded using a DS-5M-U1 color digital camera (Nikon, Canada). 

3.2.4. Statistics.  

All experiments were carried out in triplicate, and the data represented the mean ± standard 

deviation, unless otherwise mentioned. The cell counting was carried out using SEM images and 

image processing software. One-way analysis of variance (ANOVA) was used to evaluate the 

statistical significance, with *p < 0.05 and **p < 0.01 suggesting significant difference. 

3.3 Results 

3.3.1. Fabrication and Characterization of the CNRN Platform. 

The bioactive CNRN platforms were synthesized by multiphoton ionization induced by one-step 

femtosecond laser processing on the surface of a graphite plate under atmospheric conditions, as 

illustrated in the schematic in Figure 3-2. A predesigned array of lines was transferred onto the 

surface of the graphite sample with 2D (X−Y) movement of laser beam that was precisely 

controlled by a computerized Galvano scanner. Ultrashort laser processing of the graphite plate  
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Figure 3-2: Schematic illustration showing the single-step synthesis of the CNRN platform. 

Change in ionization energy precisely modulated the physical morphology and the C−O bond 

percentage of the CNRN platform. using a megahertz pulse repetition rate resulted in surface 

ablation, nanoparticle evaporation, and formation of the vapor plume. 

The dense vapor plume comprised different forms of carbon (carbon ions, carbon radicals, and 

neutral carbon) [3-24] and air molecules. The temperature of the plume dissipated as the plume 

expanded into the surrounding air, and there was nucleation and growth of self-assembled carbon 

nanoparticles in the plume. These nanoparticles later collided and aggregated into interwoven 

nanostructures to form a CNRN. The nanotopography and the altered nanochemistry of the 

fabricated nanonetwork is a function of substrate properties, ambient air vapor density, ionization 

energy, and complex dynamics of plume expansion. The ionization energy directly correlated with 

the laser parameters, such as the laser power, ultrashort pulse laser fluence, laser repetition, and 

beam scanning speed. 
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The carbon nano-network dosage (𝜌𝑛𝑠) is proportional to the number of ionized carbon 

nanoparticles (𝑁𝑛𝑝) per pulse, which is directly proportional to the ultrashort pulse laser fluence, 

𝑓 [𝐽 𝑐𝑚2]⁄ = 𝐸𝑝[𝐽] 𝐴𝑓[𝑐𝑚2]⁄ , where 𝐸𝑝 is the laser pulse energy and 𝐴𝑓 is the effective laser beam 

area, which is inversely proportional to laser machining speed [3-25], 𝜌𝑛𝑠 ∝
1

𝑆
(𝑓)1/2. In this study, 

we used three different ultrashort pulse laser fluence of 4.43, 2.22 and 0.68 J/cm2, and two different 

beam scanning speeds of 1 and 7.5 mm/s to achieve variation in the nano-topography, chemistry 

and the yield of the created nano-network. 

Both nanoribbon width and CNRN Index describe the physical morphology of the created CNRN 

platform. Table 3-1 showed the CNRN Index calculation. In calculating the CNRN Index, a 

dimensionless density number, representing the compactness of the arrangement of the CNRN 

clusters in the platform, was calculated using the nanovoid diameter of the created CNRN 

platform. 

Table 3-1: Calculation of CNRN Index of the created CNRN platform for change in 

ionization energy from low to high 

 

Ionization 

Energy 

Nanovoid diameter 

(nm)  

C-O bond 

percentage 

Density 

number 

CNRN Index 

 (a) (b) (c = 1000/a) (d = c X b)  

Low  400 20 2.50 50 

Medium 250 22 4.00 88 

High 175 23 5.70 131 
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Figure 3-3: (A) CNRN index of the synthesized CNRN platform with different C−O percentage 

phases and density numbers at low, medium, and high ionization energies. (B) Nanoribbon width 

frequency histogram and nanovoid diameter frequency histogram of the created nanonetwork. 

CNRN index is a combined representation of the C−O bond percentage and the density number. 

The calculation of the CNRN index is based on the created CNRN platform that contains C−O 

bonds of varying percentages. The untreated graphite contains only C−C bond. Therefore, the 

CNRN index for untreated graphite as control might be assumed to be zero. CNRN index showed 
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a positive increment with the increment of ionization energy from low to high. With the increase 

in the ionization energy, there is a gradual reduction in both the nanoribbon width and the nanovoid 

diameter, along with an increase in the yield, as evident in the SEM micrographs (Figure 3-3 A). 

Higher ionization energy tends to generate a denser plume and leads to a denser carbon 

nanostructure. The average size of the carbon nanoribbon width and the corresponding average 

nanovoid diameter varied from 9 to 5 nm and 400 to 175 nm with the increase in the ionization 

energy from 0.68 to 4.43 J/cm2. The CNRN indices also change from 50 to 131 with the change in 

the ionization energy and therefore termed low, medium, and high CNRN index. The frequency 

histograms of the nanoribbon width distribution and the nanovoid diameter distribution of the 

CNRN platform (Figure 3-3B) show that higher ionization energy tends to have a narrower width 

distribution but has little effect on the void diameter distribution. This observation agrees with our 

previous observation of the femtosecond laser synthesis of the Si nanostructure. [3-26] 

The characteristic XPS spectra of the graphite substrate and the created CNRN for different C−O 

percentage phases on the graphite substrate along with a quantitative analysis of the major 

elements are presented in Figure 3-4 A−D. XPS spectra show two characteristic peaks at 285.08 

and 533.08 eV for the CNRN platform and the native graphite substrate, which can be ascribed to 

C 1s and O 1s, respectively (Figure 3-4A). During the interaction of laser-mater in the presence of 

the surrounding atmosphere, there are neutral and reactive gases, such as nitrogen and oxygen. 

Hence, reactive oxygen takes part in the chemical transformation with the carbon ion and forms 

C−O bonds. Therefore, the major chemical bonds present in the nanonetwork are C−C and C−O 

bonds. The percentage of oxygen in the CNRN platform increases with the increase in the 

ionization energy. Quantitative analysis of the major elements (Figure 3-4 B) shows that the 

percentage of C−O bond is measured as 20, 22, and 23% at ionization energies of 0.68, 2.22, and 
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4.43 J/cm2, respectively. Deconvolution of the XPS spectra was used to evaluate the sp2 and sp3 

contents. Figure 3D shows the fittings of the deconvoluted XPS spectra of the C 1s peaks. The first 

peak position, which is at approximately 284.7 eV, corresponds to the sp2 carbon, [3-27] whereas the 

peak centered near 285.5 eV is interpreted as the sp3 hybridized carbon. [3-28] Conversely, the fitting 

of the deconvoluted XPS spectra of the O 1s peaks (Figure 3-4 C) shows the presence of different 

oxygen-containing functional groups. The peak position at approximately 531.8 eV corresponds 

to C = O bonds, with the peaks centered near 532.88 and 533.32 eV interpreted as the C−O bonds 

that correspond to the chemisorbed oxygen. [3-29] 

Figure 3-4 E shows the Raman spectra of the graphite substrate along with CNRNs synthesized at 

three levels of ionization energy. The native graphite shows a G band (∼1575 cm−1) [3-30] and a D 

band (∼1350 cm−1), the two known bands of graphite. [3-31] The presence of these two bands 

indicates that native graphite has a crystalline lattice structure containing a defect on the graphene 

surface. For the nanoribbon networks, the band peak positions shifted to the range of 1330 to 1365 

cm−1 and 1555 to 1565 cm−1. The addition of C−O bonds to the native graphite could be responsible 

for such peak shift. Two other prominent peaks also appeared at 2314 cm−1 and approximately 

2700 cm−1. According to other researchers, [3-32, 3-33] these peaks are designated as D′ and G′, where 

D′ is a defect induced Raman band and G′-band appeared in the second order Raman spectra of 

crystalline graphite (without any kind of disorder) and corresponded to the overtone of the D-band. 

The ID/IG ratio is the measure of the sp2 domain size in a graphitic structure including the sp3 and 

sp2 bonds [3-31] and is also inversely proportional to the crystallite size. [3-34] The ID/IG ratio of 

graphite is 0.60. The ID/IG ratio showed an increasing trend ranging from 0.74 to 0.81 when the 

C−O phases changes from 20 to 23% (Figure 3-4D). This shows that the nanonetwork created at 

a higher ionization energy has a smaller crystallite size.  
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Figure 3-4: (A) XPS spectra of the carbon nanoribbon network having different C-O percentage 

phases with the (B) corresponding quantitative analysis of the major elements in the created carbon 

nanoribbon network; (C) deconvoluted O1s XPS spectra and (D) deconvoluted C1s XPS spectra 

for CNRN platform; (E) Micro-Raman spectra of the graphite substrate and the graphite substrate 

with the carbon nanoribbon network having different C-O percentage phases and the (F) influence 

of different C-O percentage phases on the ID/IG ratio.  

  

 

0 200 400 600 800 1000 1200

0

200000

400000

600000

800000

1000000

1200000

1400000

1600000
C

o
u

n
ts

/s

Binding Energy (E) (eV)

 Graphite Substrate

 23% C-O phase CNRN

 22% C-O phase CNRN

 20% C-O phase CNRN 

1250 1500 1750 2000 2250 2500 2750

0

5000

10000

15000

20000

25000

In
te

n
si

ty

RamanShift

 Native graphite substrate

 23% C-O Phase CNRN

 22% C-O phase CNRN

 20% C-O phase CNRN



49 
 

3.3.2 Fibroblasts and HeLa cell response to the bio active carbon nanoribbon network 

Fibroblasts and HeLa cells were cultured for 24 and 48 h on both the graphite substrate 

(experimental control) and the CNRN platforms to study the attraction, adhesion, and proliferation 

behavior of these cell lines. To analyze the experimental outcomes, the results of the control have 

been taken as the reference. The efficiency of the CNRN platform to attract cells, their viability, 

and morphology were examined in terms of the nanonetwork density and the C−O bond 

concentration. 

3.3.2.1 Time dependent cell fate 

Figure 3-5 demonstrates the overall cellular responses of fibroblasts and HeLa cells after 24 and 

48 h. A distinct difference was observed in terms of cell attraction on CNRN platforms in 

comparison to the graphite substrate. For graphite substrate, no or few cells were attached, 

fibroblasts or HeLa cells. On the other hand, affirmative attraction, adhesion, and growth were 

observed on the CNRN platform after 24 h. The fibroblast showed overextended filopodia and 

actin filament, whereas HeLa exhibited only a minor filopodia extension. 

The fate of the cells takes different directions after 48 hours on CNRN. Fibroblasts showed tissue-

like structure because of growth enhancement. On the contrary, elongated HeLa cells stopped 

growing and seemingly decreased in size, formed round shape cocoon-like structure. 
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Figure 3-5: Fibroblasts and HeLa cell responses on (A) native graphite substrate and the (B) bio 

active carbon nanoribbon network platform. The graphite substrate has no cell response for both 

fibroblasts and HeLa cell after 24 h. The created CNRN platform has positive cell response with a 

cell selective cytophilic/cytotoxic response on fibroblasts and HeLa cells after 24 h and 48 h, 

respectively. 

3.3.2.2 Effect of varying dosage of the CNRN and C-O concentration 

Subsequently, the adhesion behavior of fibroblasts and HeLa cells with a varying dosage of CNRN 

and changing C−O concentration of bioactive CNRN on the substrate surface was observed. The 

number of cells that adhered to the CNRN platforms with varying C−O concentrations and 

differing CNRN dosages were counted. The thickness of the deposited fibrous nanostructure layer 

for different laser beam scanning speeds (for this experiment 1 and 7.5 mm/s) has been designated 
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as the dosage of CNRN used for cell experiments. The layer thickness varied from a maximum of 

0.060 μm to a minimum of 0.002 μm for the previously mentioned two scanning speeds. This 

result is in agreement with our previous observation of femtosecond laser synthesis of Si 

nanostructure. [3-35] High CNRN dosage corresponds to maximum thickness of the deposited 

fibrous nanostructure, whereas low CNRN dosage has minimum thickness of the deposited fibrous 

nanostructure layer. As observed from the graph presented in Figure 3-6, the effect of a change in 

the CNRN dosage was more dominant in the fibroblasts compared with the HeLa cells after 24 h 

of culture. With the change in the CNRN dosage from low to high, the number of fibroblast cells 

adhered to the CNRN platform almost doubled in the case of the high CNRN dosage. However, 

the same change in the CNRN dosage did not significantly affect HeLa cell adhesion. There was 

a distinct positive increase in fibroblast cell adhesion with the C−O concentration increment for 

high CNRN dosage platform. Because of the formation of a tissuelike structure in the case of 

fibroblast cells after 48 h of culture, we were merely differentiating individual fibroblast cells on 

the CNRN platform with different C−O percentage phases with varying dosage, which restricted 

the counting of the fibroblast cells. By contrast, after 48 h of culture, there was a great detachment 

of the HeLa cells (almost half) compared with the earlier adhesion after 24 h of culture. There was 

a decreasing trend of the adhered HeLa cells in terms of C−O concentrations irrespective of CNRN 

dosage. 

3.3.2.3. Cell Morphology. 

An in-depth analysis of the effect of CNRN characteristics, namely, nanoribbon width and CNRN 

index, on the cell morphology was carried out using SEM and FM micrographs. Both fibroblasts 

and HeLa showed highest affinity of cellular attraction with the CNRN platform of high CNRN  
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Figure 3-6: fibroblast and HeLa cell adhesion and proliferation after 24 h and 48 h, on varying 

dosage of the CNRN and C-O concentration; Experiments were repeated with n = 3. Statistical 

significance is shown with *p < 0.05, **p < 0.01. 

index with smaller nanoribbon width. There was a gradual increment in the cellular attraction of 

both the cells with CNRN platforms having gradual increment of CNRN indices. Well-adhered, 

stretched, and an extended cellular morphology of both cell lines was observed after 24 h of 

culture. The fibroblasts were well-spread and flattened, and they overlapped each other, covering 

the nanonetwork platform; their filopodia and actin filaments overextended along the nanonetwork 
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zones. The HeLa cells were also well-spread and elongated, covering the nanonetwork with short 

filopodial extensions along the nanonetwork zones. It is remarkable to mention that an analogous 

tendency of cell adhesion on all types of CNRN platforms, regardless of their crystallinity, was 

observed in both the cell lines. The findings from the fluorescence study [Figure 3-7 A (v, vi) , 

B(v,vi),C(v,vi)] were in agreement with the SEM micrographs for both fibroblasts and HeLa cells. 

The analysis of the SEM micrographs of the cells cultured for 48 h [Figure 3-7A (ii, iv), 

B(ii,iv),C(ii,iv)] showed a contrary result for the HeLa cells. The fibroblasts that adhered to the 

CNRN platform were more intimately organized. The overlapped fibroblast cells that interlinked 

with each other showed a tissue like morphology. The prominence of this trend was more visible 

on the CNRN platform with a high CNRN index. Conversely, the HeLa cells stopped their 

proliferative behavior and contracted to form a round, cocoon like morphology. The same trend 

was observed for all three different CNRN indices. For both fibroblasts and HeLa cells, the well-

spread elongated shape with extended filopodia is suggestive of healthy cells that have increased 

cellular interaction with the CNRN network, whereas, round-shaped HeLa is indicative of 

nonproliferating/apoptotis-like cells. 

Furthermore, a detailed comparison of the morphological change of the individual fibroblasts and 

HeLa cells that adhered and expanded on the CNRN platform of different CNRN indices and C−O 

bond percentages after 24 and 48 h of growth was carried out, as depicted in Figure 3-8. 
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Figure 3-7. SEM micrographs of the fibroblasts and HeLa cells adhered to the (A) 20% C−O 

phase, (B) 22% C−O phase, and (C) 23% C−O phase, along with the corresponding FM images 

after 24 h of culture. 
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Figure 3-8. Comparison of the morphology of individual fibroblasts and HeLa cells adhered on 

the various C−O percentage phase CNRN platforms; SEM micrograph of (A) fibroblasts [A(i, ii)] 

and HeLa cells [A(iii, iv)] on the 20% C−O phase, (B) fibroblasts [B(i, ii)] and HeLa cells [B(iii, 

iv)] on the 22% C−O phase, and (C) fibroblasts [C(i,ii)] and HeLa cells [C(iii,iv)] on the 23% C−O 

phase after 24 and 48 h of culture, respectively. 

The morphology of the fibroblast seeded on a low CNRN index having 20% C−O bond percentage 

phase [Figure 3-8A(i)] showed random orientation and a well-defined flattened cellular organism 

with short filopodia extension. With increase in the CNRN index, the flattened cellular organisms 

were stretched, and there were numerous overextended filopodia and focal adhesion points, that 

is, the cell−nanostructure interaction point increased (Figure 3-8 B(i), C(i)). On the other hand, 

HeLa showed organized orientation with almost the same type of flattened cellular organisms and 

short filopodia on all three different CNRN platforms, regardless of the change in the CNRN index 

[Figure 3-8A(iii), B(iii),C(iii)]. With time, the fibroblasts were organized, interlinked with each 
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other, and formed a tissue-like morphology [Figure 3-8A(ii), B(ii), C(ii)]. Conversely, after 48 h 

of growth, the flat, elongated HeLa cells seemingly decreased in size and formed a round-shaped 

cocoon, although their short length filopodial extension strongly adhered to the surface of the 

nanonetwork [Figure 3-8A(iv), B(iv), C(iv)]. 

Finally, FM was performed to investigate the cell phenotype and nucleus of the adhered fibroblasts 

and HeLa cells on the CNRN platform having different CNRN indices of varying C−O bond 

percentage phases. Figure 3-9 presents the FM images of the actin cytoskeleton and nucleus of the 

HeLa and fibroblast cells stained in green and blue, respectively. The results obtained from FM 

were consistent with the SEM observations of the cell morphology and the adhesion mechanism. 

Contractile stress fibers, which play an important role in cell adhesion and migration, [3-36] were 

observed for cells on all three platforms [Figure 3-9 A (ii, v), B(ii,v),C(ii,v)]. The nucleus of both 

type of cells adhered to the three different C−O percentage phases of the CNRN showed a 

consistent trend and indicated the same morphological characteristic of those cells. 

3.3.2.4. Characteristics of Growing Cells.  

 

Additionally, a comparative quantitative analysis of the dissimilar shape of the fibroblasts and 

HeLa cells on the CNRN platforms (Figure 3-10) was performed. The cell shape could be treated 

as a good indicator of the cell response to the nanonetwork, for example, a well-spread polygonal 

cell shape with extended filopodia was indicative of healthy cells and had increased cellular 

interaction with the CNRN platforms, and a nonflattened round cell shape revealed 

nonproliferating cells. [3-37, 3-38] The number of attached elongated cells and round cells were 

separately marked for both fibroblasts and the HeLa cells to understand the proliferation of healthy 

cells on the CNRN platforms. As observed from the graph in Figure 3-10, the number of attached 

elongated fibroblast  
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Figure 3-9. FM images of the HeLa cell and fibroblast cytoskeletons stained in green and the 

nucleus stained in blue attached to the CNRN with (A) 20% C−O dominant phase, (B) 22% C−O 

dominant phase, and (C) 23% C−O dominant phase.   
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cells had a positive increase with the change in the CNRN index from low to high. However, the 

number of round cells had an almost steady trend over the said platforms. After 48 h of culture, 

the individual counting of fibroblasts was not possible because of the formation of the tissuelike 

structure. On the other hand, for CNRN platforms with a low CNRN index, more elongated HeLa 

cells were attached in comparison to that with a high CNRN index. Rounded HeLa cells had an 

exactly opposite trend. After 48 h of culture, greater than 90% of the attached HeLa cells were 

round compared with the elongated cells. 

 

Figure 3-10. Quantitative analysis of the fibroblasts and HeLa cells on the CNRN with different 

percentage C−C dominant phases. The error bars show the standard error of the mean; experiments 

were repeated with n = 3. Statistical significance is shown with *p < 0.05 and **p < 0.01. 
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3.3.2.5. CNRN Uptake.  

Cellular uptake might be a mechanism that is involved in the cytophilic/cytotoxic behavior of the 

fibroblasts and HeLa cells in the presence of the CNRN platform over time. At the time of cell 

adhesion, the cells preferentially attach to the areas of higher protein adsorption, that is, CNRN 

platforms. [3-39, 3-40, 3-41] After initial attachment, it is hypothesized that the contiguity of cells to the 

CNRN platform causes the uptake of constructive components of the CNRN platform, namely, 

CNRN clusters. The cell type and the nanoparticle size, shape, and surface charge determine the 

endocytic process through which nanoparticles are taken up by the cells once they are adsorbed 

onto the cell surface, [3-42,3-43] and endocytosis is the major process in this regard. [3-44, 3-45] Figure 

3-11 explains the effect of CNRN clusters uptake caused by endocytosis on both cell lines. 

 

Figure 3-11. Effect of CNRN cluster endocytosis of the HeLa cell and fibroblast cytoskeletons 

attached to the CNRN platform. 
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Both SEM and FM micrographs evidenced internalized CNRN clusters because of endocytosis in 

the fibroblasts and HeLa cells, and consecutive results after 48 h showed the contrary 

cytophilic/cytotoxic effect of the CNRN clusters on fibroblasts and HeLa cells. Fibroblasts showed 

transformation to a tissue like structure, whereas HeLa resulted in rounded apoptotis-like cells. 

Detection of the trace of existence of the CNRN clusters in the cell cytoskeleton that was activated 

upon the uptake of CNRN clusters into the cell membrane was identified using EDX. The 

elemental mapping (Figure 3-11) might further elucidate the cytophilic/cytotoxic behavior of the 

CNRN platform over time on fibroblasts and HeLa cells. 

It is evident from the elemental mapping that both the fibroblasts and HeLa cells have an increasing 

trend in adhesion and proliferation with respect to the spreading areas for increasing CNRN indices 

with varying C−O bond percentages in a 24 h time frame. However, over time, the CNRN clusters 

induced apoptotis-like behavior on HeLa, leaving no effect on fibroblasts. From the EDX analysis, 

it is evident that there was internalization of CNRN clusters in both the fibroblasts and HeLa cells. 

The spreading pattern of oxygen mapping on fibroblasts, as shown in Figure 3-12 (A5, C5, and 

E5), indicated no hindering effect of oxygen, which was because of the presence of C−O bond in 

the CNRN cluster, on fibroblast cells in tissue generation over time. On the other hand, the 

abundance of single area specific accumulation of oxygen in Figure 3-12 (B5, D5, and F5) might 

explain the apoptotis-like function of the CNRN clusters on HeLa cells. It is hypothesized that the 

contiguity of the cells to the CNRN platform causes the uptake of CNRN clusters. This interaction 

leads to a loss of cellular integrity, and there is a potential for growth impediment. [3-46−3-49] 

According to previous studies, cell adhesion to nanostructures varies depending on the cell line, 

and for instance, fibroblasts are less sensitive to the surface properties compared with HeLa cells 

and are known to adhere and grow well on those surfaces. [3-39] At the same time, fibroblasts show 
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greater cytoskeleton stiffness compared with HeLa cells.[3-50, 3-51] It might be hypothesized that the 

C−O bond structure over time induced some cytotoxic effect on the HeLa cells. Although surviving 

the early stage of adhesion, HeLa cells, because of the internalized CNRN clusters containing the 

C−O bond might result in cell shrinkage and apoptosis-like functions over time. 

 

Figure 3-12. EDX mapping images of the HeLa and fibroblast cytoskeletons attached to the 

CNRN with (A) 20% C−O, (B) 22% C−O, and (C) 23% C−O dominant phases. 
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3.4 Discussions 

3.4.1. CNRN Formation.  

In biomaterial−cell interactions, the cell response to the material is significantly governed by the 

physicochemical properties of the surface. [3-52] The incorporation of suitable topographical and 

chemical properties in the nanonetwork containing the substrate is important in biomaterial 

research to regulate the required cellular function for a biomedical application. In this study, the 

bioactivation of the graphite surface was achieved with the aid of ultrashort femtosecond laser 

processing in an ambient atmosphere. Mechanical fragmentation, homogeneous nucleation, and 

vaporization were the primary steps that led to the ablation of the graphite surface, which was 

irradiated using femtosecond laser pulses. [3-53] A reactive high-temperature plasma plume created 

a combination of neutral carbon (C), carbon radicals (C2, C3), and carbon ions (C+, C2+). [3-54]  

The heavier radicals and the neutral carbon reside at the bottom of the expanding plasma plume, 

whereas the carbon ions localize at the top of the plume. The change in the ionization energy from 

low to high controls the component mixture of the plume and has a significant impact on the 

topography variation and nanochemistry of the created nanoribbon network. The carbon 

nanospecies present in the plasma plume, while condensed and aggregated, formed an interwoven 

nanonetwork. With an increase in the ionization energy from low to high, the CNRN index of the 

created weblike interlinked CNRN changed from low to high. The ambient atmospheric gas 

containing oxygen atoms encountered the boundary of the expanding plume and had a chemical 

interaction with the carbon ions, resulting in the formation of C−O molecular bonds that were 

deposited along with the C−C molecules when condensation took place. The nanochemistry of the 

created CNRN platform comprised two major molecules, C−C and C−O, and the mixture of this 

combination varies with the change in the ionization energy. The percentage of the C−O and or 
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C = O molecules increased with an increase in the ionization energy. The FE-SEM micrograph 

analysis (Figure 3-3B), micro-Raman spectra (Figure 3-4 E), and XPS analysis (Figure 3-4 A−D) 

showed the variation in the topography and chemical properties of the created CNRN platform. 

Furthermore, the change in the scanning speed contributes to the variation in CNRN dosage on the 

substrate surface. 

3.4.2. Cytophilic Behavior.  

The graphite substrate consisting of stacks of parallel 2D graphene sheets (a single carbon layer in 

the crystalline honeycomb graphite lattice) has elemental carbon in the lowest energy state at an 

ambient temperature and pressure. [3-21] The plain, smooth topography with the C−C bond 

chemistry failed to generate enough favorable cues for the initial attraction to the cells, and hence 

the fibroblasts and HeLa cells did not attach to the substrate surface, as evident from the in vitro 

study of the fibroblast and HeLa cell seeding on the pure graphite surface (Figure 3-5). It was 

observed that the change in the CNRN indices of CNRN platforms has a significant impact on the 

modulation of cellular attraction of both fibroblasts and HeLa cells. As the CNRN index of the 

nanonetwork increases, both the cell lines showed an increasing trend in cellular attraction (Figure 

3-6). Cell affinity to the CNRN platform might be due to a change in the physical and chemical 

aspects of the nanonetwork. Surface roughness always influences the cells, and at the same time, 

some type of cells might sense a change in topography well into the nanometer range. [3-55−3-57] 

Again, the cell adhesion, viability, and morphological changes of HeLa and fibroblast cells are 

dependent on the level of protein adsorption on a modified surface. [3-39] The results of previous 

studies showed that the surface of graphene was attractive to cells even in the absence ofFBS. [3-

58] The surface area plays a key role in the biological interaction with the nanomaterials. [3-59] With 

a variation in the CNRN indices, the surface area exposure changes, and for the created CNRN 
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platform, for a change in the CNRN index from low to high, there is an increase in the surface area 

exposure. With the expansion of the surface area, adsorption of protein increases, and hence, the 

CNRN platform as a nanostructured platform with an extended surface area showed favorable fate 

for both the cell lines to adhere and proliferate. [3-39−3-41] A widely expressed family of 

transmembrane adhesion receptors, integrins, act as primary mediators in cell adhesion. [3-60] 

Before cell adhesion begins, the nanostructured surface quickly adsorbs the serum proteins when 

it interacts with the FBS-containing culture medium. [3-61] The type of extracellular matrix proteins 

(e.g., fibronectin, vitronectin, and albumin) that were adsorbed on the nanostructure and the 

strength of adherence to the surface modulate the subsequent cell adhesion. [3-62] The CNRN 

platform might adsorb these cell-adhesive serum proteins in such an appropriate amount with a 

favorable conformation such that cell adhesion receptor integrins are able to form focal adhesions 

or multiprotein complexes, resulting in positive cell adhesion. [3-63, 3-64] Depending on the 

physicochemical property of absorbance, in this case of the CNRN platform, with the increase in 

the CNRN indices from low to high, more protein adsorbed resulted in an increment in cell 

adhesion and proliferation. One of the focal adhesion proteins, vinculin, helps in creating linkages 

between integrins (cell receptors) and actin filaments (cell cytoskeleton) and plays an important 

role in initiating and establishing cell adhesion, cell shape formation, and development of the 

cytoskeleton. [3-65] The presence of the C−O chemical bond along with C−C in the created CNRN 

platform might play a contributive role in determining the cellular responses of both fibroblasts 

and HeLa cells toward the CNRN platform. Recent studies have confirmed that, in an oxygenated 

environment, there is an enhancement in cell survival and proliferation. [3-66] Another research 

group showed that a high density of oxygenated groups on the surface of a graphene oxide film 

could potentially promote cellular proliferation and spreading with minimal cytotoxicity. [3-17]  
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3.4.3. Cytotoxic Behavior.  

Recent literature data demonstrated that the exposure to graphene family materials such as 

graphene oxide could produce cytotoxicity in dose- and time dependent means. [3-67, 3-68] Again, 

the exposure environment (i.e., whether or not aggregation occurs) and the mode of interaction 

with cells are also factors for the toxicity of graphene and graphene oxide. [3-69] According to our 

results, we might suggest the possible cytotoxic behavior mechanism of CNRN clusters on HeLa 

cells as follows: CNRN clusters when attached to the surface of HeLa cells provide an impetus to 

the cells that transduce inside of the cells and create de-regulation of adhesion-associated genes 

and corresponding adhesive proteins. Thus, the cells might detach and shrink in size. At the same 

time, CNRN clusters that enter into the cytoplasm by endocytosis pathway (Figure 3-11) might 

affect the energy metabolism of the cells. Again, as time elapses, the C−O bond might create some 

sort of stress to the cells, which might disturb the gene transcription and translation and finally 

result in cell rounding, that is, apoptosis-like function. 

3.5 Summary 

Carbon nanomaterials/nanostructures have recently emerged as a new potential biomaterial for use 

in cancer research. These promising nanostructured platforms offer extensive drug delivery and 

cancer therapy applications. In this paper, we report the synthesis of a novel interwoven, bioactive 

CNRN platform that has a nano C−C and C−O molecular bond architecture that can attract 

fibroblasts and HeLa cells for adhesion and proliferation, with a time-dependent apoptosis-like 

function on HeLa cells and a cytophilic effect on fibroblasts without further chemical or biological 

functionalization. Single step ultrafast laser processing of the non-bio responsive C−C bond 

containing a graphite plate under ambient conditions resulted in the surface ionization of graphite 

and the formation of a self-assembled bioactive CNRN with altered nanotopography and 
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chemistry. The CNRN Index of the created CNRN platform varies from low to high with the 

increment of ionization energy from low to high. The nanochemistry of the created platform was 

composed of C−C and C−O bonds, and the variation in their percentage was achieved by 

controlling the ionization energy of the incident laser beam. Variation in the CNRN concentration 

on the graphite substrate surface was attained with the change in the scanning speed of the 

ultrashort laser processing of the substrate surface. Upon examination of the performance of the 

bioactive CNRN platform by exploring the response of normal fibroblasts and cervical cancer 

HeLa cells quantitatively and qualitatively, the results indicated that both fibroblasts and HeLa 

cells were attracted to the CNRN platform, and healthy attachment with robust growth was 

observed from the SEM and FM results compared with that of the native graphite substrate. The 

bioactive CNRN platforms actively accelerated the adhesion and proliferation with increased cell-

spreading areas for both the fibroblasts and HeLa cells. The number of cells that adhered and 

proliferated on the nanoplatform was 91 times more for the fibroblasts and 98 times more for the 

HeLa cells compared with the bulk graphite substrate, which is an indicator of the high 

proliferative nature of the created nanonetwork for both cell lines. Conversely, over time, the 

fibroblasts interlinked and developed tissuelike structures, whereas the adhered HeLa cells showed 

decreasing spreading areas, and the cells became round, developing a cocoonlike structure that had 

an apoptotis-like function, which might have led to cell death.  

This in vitro study identified two distinct simultaneous functionalities of CNRN platform as the 

attraction characteristics of the extra cellular matrix (ECM) and the therapeutic attributes without 

the need of conjugation of any biomolecules/ drugs. CNRN platforms helped in the enhancement 

of cellular attraction and selective functionality through which fibroblasts exhibited tissuelike 

behavior and HeLa cells showed an apoptosis-like function. In this study, one mammalian and one 
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cancer cell line have been used. Our future works will cover other fibroblast cell lines along with 

other cancer cells and corroborate the findings with them. 
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Chapter 4 

SERS Active 3D Interconnected Nanocarbon Web Towards 

Non-plasmonic In-vitro Sensing of HeLa and Fibroblast 

Cells. 

Approved Pending Revisions in ACS Applied Materials and Interface, January 2018 

 

Noninvasive technique of intracellular component analysis is important in early diagnosis and 

treatment of cancers. Carbon nanomaterials/nanostructures like CNTs, Graphene have low/no 

surface enhanced Raman scattering (SERS) ability. Due to low Raman response, they were 

conjugated with noble metals like gold/silver and attained SERS active detection of normal and 

cancer cells. Though carbon nanomaterials showed effectiveness in bio-molecule sensing through 

noble metal conjugation, their effectiveness was not explored individually as non-plasmonic SERS 

active platform for in-vitro cancer/normal cells detection. Here, for the 1st time we introduce a 

unique non-plasmonic SERS based bio-sensing platform that uses biocompatible self-assembled 

3D interconnected nanocarbon web (INW) for in-vitro detection and differentiation of HeLa and 

fibroblast cells. Self-internalization capacity resulted from sub-10 nanometer structure of bio-

active INW along with label-free non-plasmonic SERS functionality attribute introduced live cell 

Raman sensing. The INW platform achieved an enhancement factor (EF) of 3.66x104 and 9.10x103 

with crystal violet (CV) and Rhodamine 6G (R6G) dyes respectively and it was significant in 

comparison to Raman enhancement factors on the surface of monolayer graphene (2 to 17). The 

results of time based Raman spectroscopy of both live HeLa and fibroblasts seeded on INW 
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platform revealed chemical fingerprints of intracellular components like DNA/RNA, protein and 

lipids and their spectroscopic differences elucidate a guidance to specify each cell. The highest 

Raman signal enhancement achieved for intracellular components for fibroblasts was 4-fold and 

for HeLa was more than 5-fold. Furthermore, the spectral differences of SERS signal of the 

immobilized cell after 24 and 48 hours might shed light on cell health in presence of internalized 

INW clusters inside cells. The said unique attributes of INW platform were incorporated by a 

photon energy induced ionization brought with femtosecond laser that transform C-C bond of 

graphite to C-C and C-O bonds, and thus fabricated biocompatible INW platform. This simple 

label free, in-vitro diagnosis approach of HeLa and fibroblast have a huge potential for cancer 

research for medical bio-sensing. 

 

4.1 Introduction 

 

Carbon based nanomaterials gained considerable interest in the field of diagnostics and bio-sensing 

[4-1, 4-2]. It is worth understanding the behavior of living cells and microorganisms immobilized on 

substrate while designing the biosensors [4-3]. Thus far, several optical bio-compatible methods 

such as infrared spectroscopy [4-4], surface plasmon resonance [4-5], bioluminescence imaging [4-6] 

etc. have been applied for the investigation of cellular behavior in culture. 

Researchers widely used Raman Spectroscopy which is a powerful, quick, label free and non-

destructive investigation technique for biological analysis [4-7, 4-8]. Raman analysis of live cells 

could provide useful biochemical information of cells. This information played an important role 

in identification of diseases, cell death, interactions of toxic agents or drugs with cells after 

treatment [4-9, 4-10, 4-11]. Despite several advantages the efficacies of Raman scattering process suffer, 

as it exhibits weak intensity [4-12]. The use of intense light sources, for example laser might be a 

solution however, it may have a negative consequence in cell investigations due to the degradation 
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of the analyzed specimen. Thus, surface enhanced Raman scattering (SERS) technique utilizing 

nanostructured surfaces [4-13, 4-14] improve the sensitivity of traditional Raman spectroscopy while 

reducing the laser power and collection time [4-15]. With single molecular sensitivity SERS can be 

widely applied to chemical molecule/ion detection, clinical discrimination of cancer tissues etc. [4-

16, 4-17].  

Noble metal nanostructures/nanomaterials such as gold, silver etc. have been mostly used as SERS 

materials because of their property of exhibiting localized surface plasmon resonance (LSPR) in 

the visible and near infrared (NIR) spectrum [4-18]. Both semiconductor hybrid nanostructures 

coated with monolayer noble metals [4-19, 4-20, 4-21] and semiconductor-based nanomaterials, such as 

TiO2
[4-15], ZnO, Graphene [4-22] and CuTe[4-23] have been reported to be SERS platform for various 

bio-sensing applications. Most current research is devoted to developing either noble metals or 

noble metal-coated semiconductor nanomaterials as SERS active substrates as noble-metal-based 

nanomaterials have demonstrated increased SERS sensitivity [4-24]. However, synthesis process 

such as chemical reduction, oxidation, or physical deposition used for creating noble metal and 

noble-metal-semiconductor hybrid nanomaterials have led to poor biocompatibility and making 

them undesirable for a variety of biomedical applications like biomolecular sensing materials [4-25].  

Non-metallic carbon-based nanomaterials, such as carbon nanotubes (CNTs) [4-26], graphene [4-27] 

and graphene oxides [4-28] have been actively explored by the researchers in bio-sensing 

applications. Carbon based nanomaterials is capable of doing a direct electron transfer between 

the functionalized nanomaterials and active site of bioreceptor without involvement of any 

mediator, therefore it amplifies the signal as well as provide label free sensing [4-29]. 

Bio-sensing efficacy of pristine CNTs are influenced by its cytotoxicity as synthesized CNTs 

contain amorphous carbon and residue catalytic particles [4-30]. Covalent and non- covalent binding 
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with different chemical groups completed the functionalization of CNT and makes CNTs 

biocompatible for conjugation with biomolecules and hence making them a suitable candidate for 

bio-sensing [4-29]. A limited/no effort was taken to utilize pristine CNT as SERS active substrate. 

Sun et. al. [4-31] reported fabrication of SERS substrate through loaded the super aligned CNTs grid 

with densely packed Ag nanoparticles. They showed that in presence of R6G dyes the CNT grid 

alone did not depict any Raman enhancement. Lee et. al. [4-32] also described the fabrication of a 

structurally tunable 3D SERS substrate based on vertically aligned CNTs and a high-density of 

gold nanoparticles on the walls of the vertically aligned CNTs. Ashwinkumar et. al. [4-33] reported 

a technique for combining CNTs and portable Raman probes to effect simultaneous detection and 

photothermal ablation of ovarian cancer cells. Lipid-polymer coated Single-walled carbon 

nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) were used in this regard.  

So far, the graphene based biosensors are presented for sensing different molecules like enzymes, 

hydrogen peroxides, dopamine, and reduced b-nicotinamide adenine dinucleotide (NADH) [4-27, 4-

34]. M. Manikandan et al. [4-13] prepared two different SERS substrates by in situ synthesis of Au 

nanohexagons on Graphene templates and ornamentation of Au nanoparticles on the graphene 

sheets via electrostatic interaction using ultrasonication. These were applied to enhance Raman 

scattering and to differentiate human breast normal, cancer and cancer stem cells. Shijiang He et. 

al. [4-35] developed a SERS-active substrate based on gold nanoparticle decorated chemical vapor 

deposition (CVD)-growth graphene and used it for multiplexing detection of DNA. Besides, 

Graphene and its derivatives (specially graphene oxide) conjugated with numerous materials such 

as conducting polymers, proteins, noble metals and act as bio-sensing platform for detection of 

platelet derived microparticles[4-28], Escherichia coli (E. Coli) [4-36, 4-37] and the human 

papillomavirus DNA[4-38].  
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Thus far, the researchers used carbon nanomaterials as a component of hybridized bio-sensing 

platform along with noble metal nanoparticles such as Ag and Au and attained SERS active 

detection of different normal and cancer cells. However, carbon nanomaterials have not been 

reported as an individual biocompatible non-plasmonic SERS active bio-sensing platform for 

detection of normal and cancer cells in-vitro. Overall, carbon nanomaterials/nanostructures 

employed so far as SERS active bio-sensing platforms are in supportive role with noble metal 

nanoparticles. To the best of our knowledge carbon nanomaterials/nanostructures were not 

individually applied as a SERS based platform for in-vitro live cell diagnosis and differentiation 

due to their low/no SERS ability and/or toxicity. There is a need for biocompatible SERS active 

carbon basic platform without plasmonic nanoparticle addition which is being uptake by cells and 

help localized Raman detection of intracellular components and thus the differences of the Raman 

signature aid the detection of cells (whether cancerous like HeLa or mammalian like fibroblast). 

In the present research, we developed a SERS active, biocompatible 3D interconnected 

nanocarbon web structure and introduced a label free non-plasmonic SERS based bio-sensing 

platform for in-vitro detection and differentiation of HeLa (cancerous) and fibroblast (mammalian) 

cells. In our previous study, [4-39] it was observed that the created nanocarbon platform possesses 

great biocompatibility and cell adhesion capacity. SERS activeness of the created INW platform 

was recognized with both crystal violet (CV) and Rhodamine 6G (R6G) chemical dyes. An 

enhancement factor of 3.66x104 and 9.10x103 were achieved for CV and R6G dyes respectively 

for the created INW structure in comparison to a bulk graphite substrate. This was significant in 

comparison to Raman enhancement factors on the surface of monolayer graphene (2 to 17) 

obtained in other literature [4-40]. Both SERS activeness of the created INW platform and endocytic 

uptake of INW clusters by both HeLa and fibroblast cells (due to sub-10 nanometer structure of 
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the INW) provided SERS based Raman spectroscopy of live cells. The Raman SERS spectra 

collected from the live fibroblast and HeLa cells seeded on the INW platform containing samples 

during the 24 hours incubation period at a 6-hour interval depicted peaks related to intracellular 

biochemical components like proteins, DNA/RNA and lipids. Dominance of specific peaks in the 

Raman spectra profile and the significant spectral differences obtained for fibroblast and HeLa for 

live condition suggested a guideline in detecting and differentiating the fibroblast and HeLa cells. 

The highest Raman signal enhancement achieved for intracellular molecules for fibroblasts was 4-

fold and for HeLa was more than 5-fold. The differences in the spectral profile obtained for 

immobilized cells adhered on INW platform for 24 and 48 hours shed light on the cell health. The 

Raman spectra of immobilized fibroblast after 24 hours with a lot of DNA, protein and lipid peaks 

with moderately stronger signals might be an indication of healthy cells. The corresponding SEM 

and fluorescence micrograph confirmed the healthy well stretched cellular morphology with 

overextended filopodia and actin filament of fibroblast cells. A more dominant Raman response 

with strong DNA, protein and lipid peaks were obtained after 48 hours. The supporting SEM and 

fluorescence micrograph depicted an interconnected overlapped tissue like body of fibroblast and 

indicated that there was no adverse effect of internalized INW clusters on the fibroblast cells. On 

the other hand, the 24-hour spectra of HeLa cells had prominent peaks of DNA/RNA, proteins and 

lipids. Corresponding SEM micrograph showed healthy well spread HeLa cells with short 

filopodial extension. But there was a huge difference in spectral profile for 48-hour sample with 

absence of some of the DNA/RNA, proteins and lipids peaks. SEM and fluorescence micrograph 

supported these change as it depicted that the number of cells on the nanocarbon platform was 

reduced and the elongated HeLa cells stopped growing and seemingly decreased in size, forming 

a round shaped cocoonlike structure. Therefore, the nanocarbon platform induced cytotoxicity with 
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the passage of time on Hela cells. The unique attributes of self-assembled 3D INW structure were 

introduced by adopting bottom up approach using photon energy induced ionization of the high 

energy femtosecond laser.  

 

Figure 4-1: Overall graphical abstract showing the formation of SERS active 3D nanocarbon web, 

SERS detection with CV and R6G dyes and subsequent SERS based in vitro sensing of live cells.  
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The ultrafast pulse laser ion-plume converted the C-C bond of graphite to SERS active C-C and 

C-O bonds bearing interwoven INW structure. The change in nanomorphology and nanochemistry 

of the created nanostructure is a function of adjustment of laser ionization parameters. The 

simplicity and versatility of the proposed SERS based INW aided Raman bio-sensing technique 

for HeLa (cancer) and fibroblast (mammalian) cell detection can be used for cancer diagnostics 

and or as a tool for evaluating new cancer therapy. 

4.2. Experimental Method 

4.2.1 Interconnected nanocarbon web platform fabrication 

The 3D interconnected nanocarbon web platform was created on an isomolded, very fine grain, 

high strength graphite plate substrate (3 mm thickness) (Graphtek LLC, USA) through ionization 

with a diode-pumped, Yb-doped femtosecond laser system (Clark-MXR, Inc.; IMPULSE Series 

ultrashort pulse laser) at laser pulse repetitions of 4, 8 and 26 MHz and atmospheric condition. 

Before photon energy induced ionization processing, the plates were cut in to 4 cm2 squares, 

polished with sand papers (3M Canada, 1000 grit, 2000 grit and 3000 grit), ultrasonically cleaned 

(Cole-Parmer 8890 ultrasonic cleaner) with acetone and ethanol and then dried. An array of lines 

with varying space was machined on the samples mounted on a fixed stage with computer 

controlled high precision 2-D translation scanner guided the incident laser beam. Ultrashort pulse 

laser fluence (the pulse energy transferred to the substrate per unit area) varied at 4.43, 2.22 and 

0.68 J/cm2 (referred to as high, medium and low fluence) to alter the nano-topography and 

chemistry of the created interwoven nanocarbon network. However, the laser pulse width (214 fs) 

power of the incident laser beam (15W), the laser beam scanning speed (1 mm/s) and irradiation 

focal spot area (84.62 × 10−8 𝑐𝑚2) were remained constant. 
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4.2.2 Morphological characterization of INW platform 

The surface morphology of the self-assembled 3D INW platform was evaluated initially with 

Scanning electron microscopy (SEM) (Hitachi SU-1500). The effects induced by the photon 

energy induced ionization on the fabricated 3D nanonetwork were studied and evaluated by the 

Field emission SEM (FESEM), Hitachi, SU-8200). Nanocarbon width distribution was determined 

through the analysis of images obtained from the FE-SEM, using Image J (image processing 

software). 

4.2.3 Physicochemical characterization of Nanocarbon platform 

Physicochemical properties of the fabricated bio-sensitive 3D INW platform were determined 

through the application of Micro-Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS). Both Micro-Raman spectroscopy and XPS analysis deduced the chemical composition of 

the INW platform. In addition, Micro-Raman spectroscopy also inferred crystallinity information 

of the created nanostructure.  

A B&W Tek, Inc NanoRam® handheld Raman system (wavelength 785 nm at a power of 350 m 

W) was used to examine both graphite substrate and developed interwoven 3D INW structure to 

identify how the created nanostructures changes the Raman spectra compared to the unablated 

substrate in terms of Raman intensity as well as any structural/compositional changes due to 

ionization process. The SERS analysis of the 3D INW platform was carried out with two dyes 

namely Rhodamine 6 G and Crystal Violet to identify the SERS enhancement factor of the created 

INW network. These dyes due to their large Raman cross-section are popular for SERS analysis. 

Each dye was coated onto individual nanostructure areas at concentration of 1x10-3 M prior to 

Raman analysis. Each resultant Raman spectra was obtained at 3s collection time and repeated in 

triplicate then averaged. 
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A Thermo Fisher K-Alpha XPS system using a monochromated Al Kα X-ray source with a 2:1 

ellipse spot size of 400 mm as the major axis was employed to collect the XPS data. 1 cm2 samples 

were irradiated with the laser system and used for XPS analysis. To give better energy resolution 

and peak shape definition regional scans were performed at 50 eV pass energy and 0.1 eV point 

spacing. The Avantage software was used for elemental quantification of the created nanocarbon 

structure. 

4.2.4 Cell culture  

The functionality of the fabricated 3D INW platform in sensing different biological cells with the 

aid of micro Raman system was accomplished using mouse embryonic fibroblasts (NIH-3T3, 

ATCC, USA) and cervical cancer cells (HeLa, ATCC, USA). These cells were grown in 

Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin, and the cultures were incubated at 37 °C in a humidified 

5% CO2−95% air atmosphere. 

4.2.4.1. Fibroblast and HeLa Cells seeding on nanocarbon Platform 

Prior to in-vitro investigation, INW platforms were exposed to UV light for 20 min for sterilization. 

Subsequently, the platforms were placed inside Petri dishes containing 3 ml of DMEM/F12 

medium and 10% FBS per dish, and the cells were seeded at a density of 105 cells/ml. The Petri 

dishes were placed in an incubator for 24 or 48 h. During the incubation period, Raman spectra of 

the live cells along with the nanostructures were collected at the interval of every 6 hours (6, 12, 

18 and 24 hours) using the B&W Tek, Inc NanoRam® handheld Raman system. The samples were 

then fixed with 2% glutaraldehyde after removing the spent medium. Subsequently, the samples 

were washed twice with 1% sodium cacodylate buffer (pH 7.3) at 4 °C. Then, the cells were 

dehydrated through a graded ethanol series (from 10 to 100%) for 15 min and were critical point 
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dried. Raman spectrum of fixed samples were also collected for 24 and 48 hours. The Raman 

spectra at single cell (fixed) level was collected with Renishaw Raman microscope system (785 

nm wavelength, 40X objective lenses). For SEM examination, the samples were sputtered with a 

gold layer. With a Hitachi SU1510 scanning electron microscope, the cellular morphology of the 

cells seeded on the samples was observed. To characterize nanocarbon uptakes caused by 

endocytosis, the energy-dispersive X-ray (EDX) mapping of these samples was carried out using 

Oxford EDX. 

4.2.4.2. Fluorescence microscopy of Cells.  

The samples were first fixed in methanol-free paraformaldehyde and then, incubated in skimmed 

milk to prevent nonspecific binding. Further incubation of the samples was then performed using 

Alexa Fluor 488 phalloidin (Life Technologies) to stain the actin and the cytoskeleton, followed 

by DAPI (Life Technologies) to stain the nucleus. The samples were studied using an 

epifluorescent Nikon E-400 microscope with a fluorescein isothiocyanate (FITC) and DAPI filter. 

The data were recorded using a DS-5M-U1 color digital camera (Nikon, Canada). 

4.2.5 Statistics 

Experiments were carried out in triplicate, and the data represented the mean ± standard deviation, 

unless otherwise mentioned. The cell counting was carried out using SEM images and image 

processing software. One-way analysis of variance (ANOVA) was used to evaluate the statistical 

significance, with *p < 0.05 and **p < 0.01 suggesting significant difference. 
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4.3. Results 

 

4.3.1 Fabrication of 3D interconnected nanocarbon web(INW) platform 

 

The schematics in Figure 4-2 illustrates the synthesis of 3D interconnected nanocarbon web 

platform. The photon energy induced ionization which was brought by one step femtosecond laser 

processing on the surface of a graphite plate under ambient atmosphere synthesized the self-

functionalized 3D INW structure. With the precise guidance of a computerized galvano scanner 

the 2D (X-Y) movement of laser beam transferred a predesigned array of lines onto the surface of 

the graphite sample. Femtosecond laser processing of the graphite sample assisted with megahertz 

pulse repetition rate caused surface ablation, nanoparticle evaporation and formation of vapor 

plume. In the dense vapor plume, there are different forms of carbon namely carbon ions, carbon 

radicals and neutral carbon[4-41] and air molecules containing oxygen ions. The plume expanded 

into the surrounding air and its temperature dissipated and thus process of nucleation occurred and 

created self-assembled carbon nanoparticles containing both C-C and C-O bonds in the plume. 

Later upon collided and aggregated of these nanoparticles interwoven nanostructures of 3D 

interconnected nanocarbon web was formed. Complex dynamics of plume expansion as well as 

substrate property, ambient air vapor density and ionization energy influence the nanotopography 

and the altered nanochemistry of the fabricated platform. 

There is a direct correlation between the ionization energy and the different laser parameters such 

as the laser power, ultrashort pulse laser fluence, laser repetition, and beam scanning speed. The 

nanocarbon dosage (𝜌𝑛𝑠) is proportional to the number of ionized carbon nanoparticles (𝑁𝑛𝑝) per 

pulse and it is directly proportional to the ultrashort pulse laser fluence, 𝑓 [𝐽 𝑐𝑚2]⁄ =

𝐸𝑝[𝐽] 𝐴𝑓[𝑐𝑚2]⁄ , where 𝐸𝑝 is the laser pulse energy and 𝐴𝑓 is the effective laser beam area. Again 

the said dosage is inversely proportional to laser machining speed [4-42], 𝜌𝑛𝑠 ∝
1

𝑆
(𝑓)1/2. For this 
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study, we used three different ultrashort pulse laser fluence of 4.43, 2.22 and 0.68 J/cm2, along 

with beam scanning speed of 1 mm/s to achieve variation in the nano-topography and chemistry 

of the created nanocarbon structure. 

 

Figure 4-2. Schematic illustration depicting the one-step synthesis of the 3D interconnected 

nanocarbon web platform. The physical morphology and the C-O bond ratio of the nanocarbon 

structure accurately modulated with the change in ionization energy. 
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4.3.2 Morphology and physicochemical characterization of 3D INW platform 

With the help of ionization energy attained through femtosecond laser fluence irradiation, there is 

an evaluation of 3D web-like interconnected nanocarbon structure on the native graphite surface 

(Figure 4-3 A). With the increase in ionization energy from low to high, less to more compact 

nanofibrous structures were synthesized which was evident in the SEM micrographs (Figure 4-

3A). The FE-SEM micrographs of the fabricated INW platform (Figure 4-2) also confirmed the 

interconnected nature of the nanoparticles. The graphite substrate contains basically C-C bonds. 

Both physical morphology and alteration of chemical structure of the created nanostructure have 

been achieved through careful adjustment of laser processing parameters. The nanocarbon width 

and the C-O to C-C bond ratio describe the physical morphology and nano-chemistry of the 3D 

bio-sensitive nanocarbon platform (Figure 4-3 B). There is an opposite trend for these two 

parameters. With the increment of ionization energy from low to high, there is a gradual reduction 

of the nanocarbon width. However, the C-O to C-C bond ratio increases for the same gradual 

increment of ionization energy (Figure 4-3 B). A denser plume generated from higher ionization 

energy leads to a more compact nanocarbon structure.  

The average size of the nanocarbon width varied from 6.67 to 5.27 nm with the increase in the 

ionization energy from 0.68 to 4.43 J/cm2. the C-O to C-C bond ratios also change from 0.23 to 

0.33 with the same increment of ionization energy and therefore termed as low, medium and high 

C-O concentrations. The frequency histograms of the nanocarbon width distribution (Figure 4-3 

C) show that higher ionization energy tends to have a narrower width distribution. This observation 

agrees with our previous observation of the femtosecond laser synthesis of the Si nanostructure [4-

43]. The characteristic XPS spectra of the graphite substrate and the created 3D interconnected 

nanocarbon web platform for different C−O concentration phases on the graphite substrate along 
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with a quantitative assessment of the major elements are presented in Figure 2D. XPS spectra show 

two characteristic peaks at 285.08 and 533.08 eV for the nanocarbon platform and the native 

graphite substrate, which can be ascribed to C 1s and O 1s, respectively (Figure 4-3D). Both neutral 

and reactive gases, such as nitrogen and oxygen were present during the interaction of laser-mater 

in the presence of the surrounding atmosphere. Hence, C−O bonds formed as reactive oxygen takes 

part in the chemical transformation with the carbon ions. Therefore, C−C and C−O bonds, two 

major chemical bonds were present in the created nano platform. The presence of oxygen in the 

nanocarbon platform increases with the increase in the ionization energy. From the quantitative 

assessment of the major elements (Figure 4-3 E) the C−O to C-C bond ratios are measured as 0.23, 

0.32, and 0.33 at ionization energies of 0.68, 2.22, and 4.43 J/cm2, respectively. The first peak 

position, which is at 285.08 eV is interpreted as the sp3 hybridized carbon [4-44]. On the other hand, 

the peak position at 533.08 eV interpreted as the C-O bonds that correspond to the chemisorbed 

oxygen [4-45]. 

4.3.3 SERS efficiency of 3D INW platform and EF calculation 

The Raman spectra of the graphite substrate along with the INW platform synthesized at three 

different ionization energies is depicted in Figure 4-4 A. The graphite substrate shows a G band 

(∼1575 cm−1) [4-46] and a D band (∼1350 cm−1), the two known bands of graphite [4-47]. The bare 

graphite substrate has a crystalline lattice structure containing a defect on the graphene surface has 

been deduced from the presence of these two bands. The band peak position shifted to the range 

of 1578 to 1588 cm-1 and 1312 to 1320 cm-1 for the created INW platform. This peak shift could 

be the result of the addition of C-O bond along with the C-C bond in the created nanostructure. 

Another prominent peak was appeared approximately near 2700 cm-1. According to other 

researchers, [4-48] this peak is designated as G′, where G′-band appeared in the second order Raman 
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spectra of crystalline graphite (without any kind of disorder) and corresponded to the overtone of 

the D-band. Based on the D and G band the intensity ratio of SERS active nanocarbon to graphite 

substrate were calculated and for both the Raman shift, there is a declining trend of these ratios 

with the increment of nanocarbon width (Figure 4-4B). 
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Figure 4-3 (A) Synthesized 3D interconnected nanocarbon web platform with (B) different 

nanocarbon width and C−O concentrations phases at low, medium, and high ionization energies. 

(C) Nanocarbon width frequency histogram (D) XPS spectra of the nanocarbon with different C−O 

concentrations phases along with (E) corresponding quantitative assessment of the major elements. 

 

Figure 4-4. (A) Raman Spectra of the graphite substrate and the INW structure containing graphite 

substrate with different C-O concentrations (B) ISERS/Isubstrate ratio at different nanocarbon width 

for D and G band 

 

4.3.3.1Raman Enhancement factor(EF) calculation 

Both crystal violet and Rhodamine 6G dyes were used to recognize the SERS enhancement factor 

of the 3D INW platform (Figure 4-5). These are popular dyes for SERS analysis due to their large 

cross section.  

The details of the procedure used to determine the enhancement factor (EF) value of the 

nanocarbon platform is described in the Apendix 2. A significant enhancement in the intensity of 

the characteristic G band and D band Raman peaks of both dyes on the nanocarbon structure 

containing substrates of varies C-O concentrations in comparison to that of the bulk graphite 

substrate was observed, which was evident from both the Raman spectra and EF values (Figure 4-

5 A-D). It is detected that the bulk graphite substrate spectra have no or minimum response to the 
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presence of a dye when they are coated with either the CV dye or the R6G dye. However, when a 

dye is coated onto the nanocarbon structure containing substrates, the characteristic peaks are clear 

and well defined. 

 

Figure 4-5. (A) Raman spectral enhancement with CV dye (B) Raman EF values with CV dye for 

D and G band at different nanocarbon width (C) Raman spectral enhancement with R6G dye (D) 

Raman EF values with R6G dye for D and G band at different nanocarbon width. 

 

We observed a maximum enhancement of 3.66x104 and 9.10x103 for both CV and R6G dyes 

respectively at 10-3M concentration. Highest EF values were achieved for higher nanocarbon width 

for both the cases which might be due to higher cross section area associated with higher 

nanocarbon width in comparison to lower nanocarbon width. Two mechanisms are considered for 

SERS enhancement phenomena [4-13, 4-49]. These are electromagnetic mechanism (EM) and 
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Chemical mechanism (CM). The basis for EM is the enhancement of the local electromagnetic 

filed that results in a significant increase in the Raman scattering cross section. The surface 

plasmons excited by the incident light is the main contributor to the electromagnetic enhancement 

[4-50]. The enhancement factor for the EM enhancement can reach to 1010 or more [4-51] In CM 

enhancement[4-52], a new resonance state is generated through a charge transfer between the 

substrate and absorber. Here the cross section of the Raman scattering increases as the positive 

and negative charge in the molecule become more separated. CM enhancement offer an 

enhancement factor of 10 to 102 [4-40]. In our study, it is presumed that CM mechanism employed 

for Raman signal enhancement with an enhancement factor of 103 to 104 which is in the higher side 

in comparison to Raman enhancement factors on the surface of monolayer graphene (2 to 17) 

obtained in other literature [4-40]. Therefore, the nanocarbon platform is highly SERS active and can 

detect an analyte much more readily than the bulk graphite. 
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Figure 4-6. Schematic of the charge-transfer mechanism principle. 

 

The SERS efficiency of 3D INW platform might be explained with CM enhancement. The 

schematics in figure 4-6 showed the principle of the charge-transfer mechanism for CM 

enhancement. C-C bond is the core structure of the created INW platform. The CM mechanism 

requires charge transfer between the molecule and the substrate and the distance between the 

molecule and the substrate need to be below 0.2 nm [4-53, 4-54]. The core C-C bond of the INW 

platform might induce charge transfer which was similar to graphene [4-55]. When an analyte 

molecule is in close proximity to an INW structure surface and is excited by a photon source the 

charge-transfer resonance happens[4-56]. The valence band (VB) and conduction band (CB) energy 

levels of the INW structure should be relatively comparable to the lowest unoccupied molecular 
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orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the dye molecule 

respectively. Electrons can travel along the showed path in the figure thermodynamically from 

either the INW structure to the molecule or vice versa if these energy levels are within the range 

of each other and the incident light has enough energy. When a photon excites an electron from 

the VB to the CB, it is transferred to the LUMO through resonant tunneling because they are 

neighboring each other and have comparable energy level. This electron transfers energy to a 

vibrational state of the molecule and causes a SERS photon to be emitted from the molecule. Then 

it decays back to the CB. Likewise, through resonant tunneling an electron might be excited by a 

photon from the HOMO energy level to the LUMO energy level and transferred to the CB of the 

INW structure. After transferring energy to the vibrational state of the molecule the electron will 

decay to the ground energy level of the molecule and thus causes emission of SERS photon. 

4.3.4 INW cluster uptake 

Cellular uptake provides necessary local optical fields for ultrasensitive intracellular probing [4-57]. 

Figure 4-7 portrayed INW cluster uptake process by both HeLa and fibroblast cells during the 

period of incubation. The results of SEM, fluorescence and EDX mapping were based on the high 

C-O concentration INW platform. The results for other two conditions were included in the 

supporting information section. Both SEM and fluorescence micrographs (figure 4-7 A) evidenced 

the presence of INW clusters inside the fibroblast and HeLa cells. When seeded, both fibroblast 

and HeLa cells had an affinity to attach to the areas of higher protein adsorption sites. Bio-sensitive 

INW platform being a higher protein adsorption area[4-58, 4-59, 4-60] attracted the cells and primary 

attachment took place. It might be hypothesized that the internalization of INW clusters, a 

constructive components of the interwoven 3D INW platform, was occurred through endocytic 

uptake due to the contiguity of cells to the nanocarbon platform. The endocytic process of taking 
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up INW nanoclusters by cells was determined by the nanoparticle size, shape, surface charge as 

well as type of cells [4-61, 4-62]. 

 

Figure 4-7 (A) INW cluster uptake by the fibroblast and HeLa cytoskeletons attached to the 

nanocarbon platform and (B) EDX mapping images of the Fibroblasts and HeLa cytoskeletons 

attached to the nanocarbon platform showed internalized INW clusters. 

The presence of internalized INW clusters inside fibroblast and HeLa cells (figure 4-7A) evidenced 

INW clusters uptake by the endocytosis process [4-63, 4-64]. EDX elemental mapping (Figure 4-7B) 

further elucidate the presence of INW clusters in the cell cytoskeleton. The spreading pattern of 

both carbon and oxygen mapping identified the presence of C-O and C-C bonds structures, the 

nano-chemistry of the nanocarbon platform, and thereby evident that there was internalization of 

INW clusters in both the fibroblast and HeLa cells. 

4.3.5 SERS Raman spectra of the live fibroblast and Hela cells 

An insight into the biochemical composition of fibroblast and HeLa cells could be achieved 

through acquiring Raman spectra from proteins, nucleic acids (DNA/RNA) and lipids which are 
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the intracellular components of cells. Raman spectra of live cells (both fibroblast and HeLa) seeded 

on the INW platform were collected during the incubation period of 24 hours at an interval of 6 

hours (Figure 4-8). The cells were seeded covering the entire sample which constitutes both INW 

structure containing graphite substrate and the native graphite substrate. The Raman spectra 

collected outside the nanostructure zone along with seeded cells was termed as native spectra. The 

Raman spectra after 24-hour incubation on high C-O concentration nanocarbon platform were 

chosen for spectral analysis. 

4.3.5.1 SERS spectra of live fibroblast cells 

During the first 6 hours of incubation the cells were looking for suitable site for adhesion. After 6-

hour, live cells response to Raman signal was significant. There was variation in peaks over time 

(24 hours of incubation) as the live cells undergone morphological changes over the mentioned 

period. The peak variation was dominant for the High C-O concentration INW structure containing 

SERS substrate. A tentative assignment of Raman peaks was obtained for both live fibroblast on 

high C-O concentration nanocarbon platform after 24 hours with reference to the earlier studies[4-

65, 4-66] (Table S1 in Apendix-4a). Only the peaks related to the biological molecules were tabulated. 

From the Table S1, different intracellular molecules such as DNA (680 cm-1, 792 cm-1) ,1292 cm-

1), proteins (1232 cm-1, 1600 cm-1, 1696 cm-1), lipids (1464 cm-1, 2328 cm-1, 2440 cm-1), lipids 

(1700 cm-1 – 2900 cm-1) and CH2 asymmetric stretch of lipids and proteins (2876 cm-1) were 

identified. 

4.3.5.2 SERS spectra of live HeLa cells 

In case of HeLa, the live cell response to Raman signal was also significant after 6-hour incubation 

period in comparison to other time intervals. Though there were peak variations over the specified  
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Figure 4-8 SERS Raman spectra of live fibroblast and HeLa cells seeded on different C-O 

concentrations INW platform for 24 hours incubation period with 6 hours intervals.  
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time (24 hours incubation) for different C-O concentrations nanocarbon structures containing 

substrate the peak was steady and prominent for high C-O concentration INW structure containing 

substrate. A similar tentative assignments of Raman peaks was also obtained for live HeLa cells 

on high C-O concentration nanocarbon platform after 24 hours (Table S2 in Apendix 4b). 

According to Table S2, the identified intracellular molecules were DNA/RNA (456 cm-1 , 502 cm-

1 ,552 cm-1, 604 cm-1) , 828 cm-1), proteins (1452 cm-1 1596 cm-1), lipids (408 cm-1, 1700 cm-1 - 

2900 cm-1) and CH2 asymmetric stretch of lipids and proteins (2872 cm-1). 

 

4.3.5.3 Identification of Fibroblast and HeLa cells from live SERS Raman spectra 

Figure 4-9 depicted the gradual changes in SERS based Raman spectra of live HeLa and fibroblast 

cells for 24 hours incubation period with 6 hours interval. The Raman spectra after 6 hours 

incubation contained the peaks for DNA/RNA, Protein and lipids for both HeLa and Fibroblasts. 

There were no prominent changes in lipid peaks over the period for both the cells. However, both 

DNA/RNA and protein peaks were changes and HeLa and Fibroblast showed a significant variance 

in spectral profile (Figure 4-9). Two distinct dissimilarities were observed for both fibroblasts and 

HeLa cells. After 24 hours incubation DNA/RNA peaks were more prominent (400 cm-1 to 610 

cm-1 range) for HeLa in comparison to Fibroblast. Conversely, the bundle of protein peaks of 

fibroblast (1200 cm-1 to 1700 cm-1 range) was dominant over HeLa cells. Therefore, based on the 

peak profile, DNA/RNA peaks for HeLa and protein peaks for fibroblasts might be the identifying 

features for differentiation for these cells. 

4.3.5.4 SERS effect on live Fibroblast and HeLa cells 

The Raman signal enhancement factor for the intracellular components like DNA/RNA, protein 

and lipids of both fibroblasts and HeLa cells was calculated to identify the effect of INW clusters 
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on the Raman spectral quality. The Raman spectra acquired for live fibroblasts and HeLa cells 

after 24-hour incubation on high C-O concentration nanocarbon platform and the corresponding  

 

 
Figure 4-9 (A-D) Gradual changes in SERS Raman spectra for live Hela and Fibroblast cells on 

high C-O concentration INW platform acted as basis for cell differentiation (E) SERS based 
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Raman signal enhancement of intracellular components of HeLa cells (F) SERS based Raman 

signal enhancement of intracellular components of Fibroblast cells 

 

native spectra were taken for this purpose. The figure 4-8 (E, F) showed overall Raman 

enhancement factor graph for DNA, protein and lipid for HeLa and Fibroblast respectively. The 

results were tabulated in supporting information (Table S3 and Table S4 in Apendix 4c and d). For 

HeLa DNA showed highest Raman enhancement which was more than 5-fold. In case of fibroblast 

the protein showed 4-fold Raman enhancement. Therefore, there was a significant Raman signal 

enhancement achieved in presence of INW clusters. 

 

4.3.6 SERS Raman spectra of the immobilized fibroblast and Hela cells 

An in-depth study of the Raman spectroscopy of the immobilized fibroblasts and HeLa cells that 

adhered on the INW platform was carried out and analyzed along with the SEM and fluorescence 

micrograph of the same (Figure 4-10 A, B). Both fibroblast and HeLa cells containing samples 

were fixed after 24 and 48 hours and Raman spectra of these samples were carried out. The Raman 

spectra of native (the area outside the INW platform zone containing cell) after 24 hours showed 

very week signal with a few peaks. The Raman spectra of immobilized fibroblast cells adhered on 

the INW platform showed a lot of peaks with moderately stronger signals and with little variation 

for different C-O concentrations nanocarbon platforms. The Raman spectra of fibroblast after 48 

hours was more prominent in comparison to the spectra obtained for 24 hours. Both the cases, the 

peaks were assigned as DNA/RNA, Protein, lipid and glycogen peaks. From the SEM micrograph, 

it was evident that the fibroblast cells were well-adhered, stretched, and had an extended cellular 

morphology with overextended filopodia and actin filament. The fluorescence micrograph is also 

in agreement with it. After 48 hours, these adhered fibroblasts turned to a tissue like structure 



95 
 

because of growth enhancement. As the fibroblast cells turned to an interconnected overlapped 

tissue like body, the Raman response in presence of SERS active INW clusters was more dominant 

which was evident from the peaks of DNA/RNA, Protein, lipid and glycogen. Variation of C-O 

concentrations in the nanocarbon platform had little or no effect on the resultant spectra. 

On the other hand, the native Raman spectra of the 24-hour and 48-hour samples of HeLa cells 

was too weak though some peaks were present in the spectra. The 24-hour spectra of HeLa cells 

adhered on the INW structure containing substrates of varying C-O concentrations was more 

prominent and had a handsome number of peaks of different intracellular biological molecules like 

DNA/RNA, protein, lipid and glycogen. However, a significant difference was observed for HeLa 

cell Raman spectra after the 48-hour incubation. Though there was a little spectral variance for 

low C-O to C-C ratio nanocarbon platform in terms of spectral peak but with the increment of C-

O to C-C bond ratio in the INW platform there was variation in both the strength of the signals and 

amount of Raman peaks. With the increment of C-O concentrations and nanocarbon width there 

was completed disappearance of DNA peaks. SEM micrograph of HeLa cells after 24 hours 

showed well adhered, well-spread and elongated cells with short filopodial extension and it was 

supported by the fluorescence micrograph. But from the 48-hour SEM micrograph, it was evident 

that the number of cells on the nanocarbon platform was reduced and the elongated HeLa cells 

stopped growing and seemingly decreased in size, forming a round shaped cocoonlike structure. 

The reduction in the number of cells and the morphological change of Hela cells overtime resulted 

in the change in Raman spectra. 

Subsequently, a comparative Raman shift range wise analysis of spectral profile of immobilized 

fibroblast and HeLa cells for 24 and 48 hours was performed to help detection of cell health of the 

fibroblast and HeLa cell population with internalized INW clusters with the passage of time. The 
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basis for this analysis was the assigned Raman peaks for immobilized fibroblasts and HeLa cells 

for 24 and 48-hour samples along with the SEM and fluorescence micrographs. 

Kurt W. et al [4-67] in their research detected biochemical changes due to proliferation in mammalian 

cell cultures with Raman spectroscopy. The assigned Raman peaks for both live and immobilized 

fibroblast cells (Table S1 in Apendix 4) represented the chemical signatures of Protein, lipid, 

DNA/RNA and glycogen. 
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Figure 4-10 (A)Variation in different intracellular components peaks of immobilized fibroblast 

cells based on SERS Raman spectra obtained from 24 and 48 hours samples containing different 

C-O concentrations INW platforms along with SEM and fluorescence micrograph and (B) 

Variation in different intracellular components peaks of immobilized fibroblast cells based on 

SERS Raman spectra obtained from 24 and 48 hours samples containing different C-O 

concentrations INW platforms along with SEM and fluorescence micrograph. 
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The relative change in the peaks of these intracellular biomolecular components over the 6 hours 

interval for the live fibroblast cells might shed light on probable growth/proliferation behavior of 

fibroblast cell during incubation period. For example, if the amide III (proteins) peak (Raman shift 

at 1235 cm-1) for high C-O concentration nanocarbon was compared over the 6 hours time interval, 

it was revealed that after 6 hours of incubation there was no such peak. However, this peak 

appeared with some variation (1232-1240 cm-1) afterwards and became prominent after 24 hours 

(Figure 4-8). The Raman spectral profile for both 24 and 48 hours for fibroblasts cells fixed on the 

nanostructures might indicate the presence of healthy cells on the nanostructure and after 48 hours 

the peaks showed moderately stronger signals (Figure 4-10). The SEM and fluorescence 

micrograph also confirmed this hypothesis. 

The Raman spectral profile for both live and immobilized HeLa cells depicted similar tendency as 

of fibroblast cell with some unique peaks. However, considering the similarity of profile it might 

be hypothesized that after 24-hour of culture, there was healthy HeLa cells on the nanostructure. 

The comparative analysis of the Raman spectra obtained for HeLa cells fixed on the nanostructures 

of varying C-O concentrations nanocarbon platform after 24 and 48-hour culture depicted a huge 

difference in peak appearance. The peaks related to different intracellular biochemical components 

such as protein, DNA and lipid that appeared in the low (300-1000 cm-1) and medium (1000-2000 

cm-1) Raman shift range were disappeared in the 48-hour Raman spectral profile. Based on such 

change it might be hypothesized that there was a change in growth of the adhered HeLa cell and 

they might show nonproliferating behavior. This hypothesis was supported by the SEM 

micrograph of HeLa cells after 48 hours of culture (Figure 4-10).  
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Figure 4-11 Quantitative analysis of different types of fibroblast and HeLa cells on nanocarbon 

platform with varying C-O concentrations. The error bars show the standard error of the mean; 

experiments were repeated with n = 3. Statistical significance is shown with *p < 0.05 and **p < 

0.01. 

To support the Raman spectral profile measurement, a comparative quantitative study of the 

divergent shape of the fibroblasts and HeLa cells on the nanocarbon platform (Figure 4-11) was 

carried out. A well-spread elongated polygonal cell might be indicative of the healthy cells, 

whereas a non-flattened round cell shape revealed non proliferating/apoptotic cells[4-68, 4-69]. Both 

the elongated and round cells that adhered on the nanocarbon platform of varying C-O 

concentrations were counted to identify the cell health in presence of nanocarbon structure. From 

the graph in Figure 4-9, the number of adhered elongated fibroblasts with a gradual positive 
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increment for varying C-O concentrations nanocarbon indicated healthy cells on the platform. The 

further growth of fibroblast cells and the formation of tissue like structure after 48 hours limited 

the possibility of individual counting of fibroblasts. In contrast, the number of elongated HeLa 

cells in comparison to the corresponding number of round cells adhered on the different C-O 

concentrations nanocarbon indicated healthy attachment and growth of HeLa cells. After 48 hours 

of culture, there was a huge increment of round nonproliferating cells in comparison to minimal 

number of elongated cell which indicated nonproliferating scenario of the attached HeLa cells. 

These results commensurate with the Raman spectra profile obtained for both fibroblast and HeLa 

cells. 

4.3.7 SERS Raman spectra of the single fibroblast and Hela cell (immobilized) 

A further analysis was performed to identify the effect of the INW clusters in achieving SERS 

Raman spectra in individual cell level. The SERS Raman spectra of fibroblast and HeLa cells at 

the single cell level that adhered on the nanostructure or on the plain graphite substrate outside the 

nanostructure zone (termed as native) was collected through Renishaw confocal Raman 

microscope which allows spatially resolved spectroscopy to be carried out in a confocal manner at 

high speed. In comparison to native cell spectra the spectral profile that obtained from high C-O 

concentration nanocarbon was prominent and peaks of intracellular biochemical components 

peaks were prominent. The HeLa cells showed more prominence for different DNA/RNA, protein 

and lipid peaks in comparison to fibroblast cells. At the single cell level, the characteristic peaks 

of INW platform (D, G and G’ bands) showed the highest intensity. 
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Figure 4-12 (A)SERS Raman spectra of immobilized single fibroblast cell along with confocal 

image for 24-hour sample containing different C-O concentrations nanocarbon platforms and (B) 

SERS Raman spectra of immobilized single HeLa cell along with confocal image for 24-hour 

sample containing different C-O concentrations nanocarbon platforms. 
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However, for both fibroblast and HeLa with the increment of C-O concentrations in the INW 

structure and the decrease in nanocarbon width distribution more peak prominence was observed. 

The peaks that were appeared here for the single cell level for both the cells were in the same 

region of those peaks earlier appeared for live cells as well as immobilized cells and based upon 

which the tentative Raman peak assignment made in Table S1 and Table S2 for fibroblast and 

HeLa cells. These peaks also appeared due to the presence of intracellular biochemical components 

like protein, DNA/RNA, and lipid etc. 

4.4 Discussions  

4.4.1 3D interconnected nanocarbon web formation 

 

Raman spectroscopic approach along with nanostructure/nanoparticle based SERS platform 

allows the study of the chemical composition of complex bio-sample like cells and shed light on 

their molecular makeup in health and disease [4-57]. Fine tuning of morphology as well as nano-

chemistry of nanofabricated SERS-active substrate enables sensitive detections of cells [4-70]. In 

this study, the bio-sensitive INW platform on the graphite substrate was achieved with the aid of 

ultrashort femtosecond laser processing in an ambient atmosphere. The ablation of the graphite 

surface was attained through mechanical fragmentation, homogeneous nucleation and vaporization 

when it was irradiated using femtosecond laser pulses [4-71]. The multiphoton ionization create a 

reactive high-temperature plasma plume which contains a combination of neutral carbon (C), 

carbon radicals (C2, C3) and carbon ions (C+, C2+) [4-41]. At the bottom of this expanding plasma 

plume the heavier radicals and the neutral carbon reside whereas carbon ions lie on the upper part 

of the plume. The component mixture of the plume varies with the change in ionization energy 

and creates impact on the morphology variation and the change in nano-chemistry of the created 

3D INW platform. When these carbon nano species of the plume condensed and aggregated shaped 
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into an interwoven nanocarbon structure. The nanocarbon width varies with the change in 

ionization energy from low to high and average width decreases with the increase in ionization 

energy. Oxygen atom which is one of the components of the ambient atmospheric gas come across 

the boundary of the expanding plume and had a chemical contact with the carbon ions resulting in 

the creation of C-O molecular bonds. Therefore, both C-C and C-O comprise the chemical 

structure of created nanocarbon as they deposited at the time of condensation process. The nano-

chemistry in terms of C-O concentration increases with the increase in ionization energy. The FE-

SEM micrograph analysis (Figure 4-2 C) and XPS analysis (Figure 4-2(D-E)) showed the variation 

in the topography and chemical properties of the created nanocarbon platform. 

4.4.2 SERS active nanocarbon based detection of fibroblast and HeLa 

 

The SERS based Raman sensing of fibroblast and HeLa cells might be explained from the 

interaction among the fibroblast, the HeLa cells and the INW clusters, the constructive components 

of the interwoven 3D INW platform. Upon adhered, uptake mechanism of the fibroblast and HeLa 

cells allowed the INW clusters to merge with the membrane and pass through it without 

encapsulation. Roiter et. al. [4-72] reported that the curvature of lipid bilayers dropped onto smooth 

nanoparticles between 22 to 200 nm diameter does not promote membrane break. The nanocarbon 

width distribution, in this study, varied between 5.27 and 6.67 nm (Figure 4-3). The sub-10 

nanometer structure of the INW platform helped smooth uptake of the INW clusters by the cells. 

Again, researchers showed that particles of sizes up to 100 nm could be taken up by active 

endocytosis [4-73, 4-74, 4-75].  

Upon internalization, the INW clusters were neighboring intracellular components of the cells. C-

C bond of the INW clusters induced charge transfer. Strong charge transfer interaction between 

INW clusters and intracellular biomolecular components like proteins, nucleic acids (DNA/RNA) 
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and lipids might include an increase of the electron transition probability and consequently there 

is an increment in Raman signal. The presence of SERS active INW clusters inside the cells 

therefore helped Raman spectroscopic signal enhancement of intracellular biochemical 

components of cells and hence detection of fibroblasts and HeLa cells. 

4.4.3 Cell health  

 

Both Raman spectral profile and quantitative analysis of dissimilar cell shape that adhered on INW 

platform of varying C-O concentrations suggested cell specific time dependent opposite nature 

cell health. For fibroblast, the tissue like structure is an indication of positive/no impact of INW 

cluster on fibroblast over time. Conversely, the INW cluster had affected negatively on HeLa cells 

with the passage of time and resulted in the nonproliferating round shape apoptotic cells. These 

results are in agreement with our previous study [4-76]. The presence of the C-O chemical bond in 

the nanocarbon clusters that was internalized into the cell body through endocytic uptake might 

contribute in positive response of both fibroblasts and HeLa cells after 24-hour culture and helped 

cell survival, growth and proliferation. These facts were supported by the recent research on cell 

survival and proliferation in an oxygenated environment [4-77, 4-78]. Again, the nanocarbon clusters 

presence inside the cytoplasm might create de-regulation of adhesion-associated genes and 

corresponding adhesive proteins and affect the energy metabolism of the HeLa cells over the 

passage of time [4-76]. With elapses of time nanocarbon clusters could produce cytotoxicity and 

might create stress to the HeLa cells [4-79]. All these facts together result in cell rounding i.e. 

apoptotic cell structure. 

  



105 
 

4.5 Summary 

There is an exponential growth in the development of noninvasive label free analytical techniques 

for studying cells in-vitro. Surface enhanced Raman scattering technique has gained researchers 

attention as it provides an intrinsic contrast mechanism for identifying components in cells. So far, 

pure noble metal (gold, silver) based SERS substrate or noble metal assisted carbon nano-platform 

were used for limited scale bio-sensing of cells and detection of bio molecules only. Carbon 

nanomatrials/nanostructures were conjugated with noble particles due to their low/no SERS ability 

and toxicity. However, the carbon nanomaterials were not explored individually so far as non-

plasmonic SERS active platform for in vitro cancer/normal cells detection. In this paper, we have 

reported creation of a novel SERS active non-plasmonic bio-sensing platform based on self-

functionalized biocompatible 3D interconnected nanocarbon web structure for effective detection 

of HeLa and fibroblast cells along with a guidance regarding cell health. Sub-10 nanometer 

structure of the INW platform formed the self-internalization capacity and were uptaken by the 

live cells during incubation. Label-free non-plasmonic SERS functionality attribute of INW 

platform allowed SERS based Raman sensing of live cells. There was a significant achievement 

in EF (3.66x104 and 9.10x103 with crystal violet (CV) and Rhodamine 6G (R6G) chemical dyes 

respectively) for the INW platform in comparison to Raman enhancement factors on the surface 

of monolayer graphene (2 to 17). The SERS based Raman spectra of the time-based Raman 

spectroscopic monitoring of both live HeLa and fibroblast cells revealed chemical fingerprints of 

intracellular components like DNA/RNA, protein and lipids. A guideline has been introduced to 

specify each cell based on the spectroscopic differences of DNA/RNA and protein peaks. The 

highest Raman signal enhancement achieved for intracellular components for fibroblasts was 4-

fold and for HeLa was more than 5-fold. Additionally, a procedure for identification of cell health 
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might be possible based on the spectral difference of the SERS based Raman spectra of the 

immobilized cell after 24 and 48 hours. The creation of the self-assembled 3D INW platform 

containing C-O and C-C bond mixture which contain all the mentioned unique attributes was done 

through employment of one step femtosecond laser processing on the non-bio responsive C-C 

bond containing a graphite plate in ambient conditions. Both morphology and physicochemical 

properties of created 3D INW platform varies with the change in ionization energy. Nanocarbon 

width shows gradual reduction with the increment of ionization energy. Mixture of C-O and C-C 

bonds comprise nanochemistry of the created nanostructure platform and C-O concentration 

variation was achieved by controlling the ionization energy of the incident laser beam.  

This in-vitro study recognized the distinct functionality of self-functionalized 3D INW platform 

as non-plasmonic SERS active bio-sensing nanoprobe for identification of both HeLa and 

Fibroblast cells through chemical fingerprints of intracellular components like DNA/RNA, protein 

and lipids without the need of conjugation of any noble metals. Overall, the 3D INW structure can 

be used as a viable and versatile SERS active sensing platform for probing intracellular compounds 

of HeLa and fibroblasts cells and thereby detection of each cell separately and at the same time, 

shed light on the health of cells.  
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Chapter 5 

SERS active Nitrogen-Enriched 3-D Carbon Nanoprobe for 

Cancerous HeLa Cells Diagnosis. 

 

Submitted for Review in Nanoscale, March 2018 

 

Carbonaceous nanostructures based surface-enhanced Raman spectroscopy (SERS) substrates 

introduce a new edge in the field of SERS despite their individual application as SERS substrates 

is impeded by their low SERS enhancement and inferior detection sensitivity. Here, we introduce 

a nitrogen incorporation-assisted approach to create a new nitrogen enriched 3D carbon nanoprobe 

(N-CNP) sensor platform and demonstrate a label free non-plasmonic SERS based unique 

technique of early detection of HeLa cancer cells by intracellular sensing. The N-CNP sensor 

platform yields an enhancement factor of 2.10 x104 with the crystal violet dye which is in the 

higher side in comparison to Raman enhancement factors of monolayer graphene (2 to 17). The 

N-CNP sensor platform demonstrated favorable microenvironment for cell adhesion and SERS 

hot spots were created inside the HeLa and fibroblast cells through internalization of N-CNP units 

having physical morphology below ten nanometer nanoprobe width and thereby achieved SERS 

based live cells Raman sensing. In situ in vitro Raman spectroscopic monitoring of live HeLa and 

fibroblast cells suggested that the SERS functionality of the N-CNPs not only reveals the chemical 

fingerprint of the intracellular components (protein, DNA, RNA etc.) within a cell but also guides 

early detection of cancerous HeLa cells. The highest Raman signal enhancement achieved for 

intracellular molecules, like DNA, was almost 6-fold in comparison to carbon sensor spectra. The 
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femtosecond laser induced self-assembly process resulted in SERS active N-CNP sensor platform 

for HeLa cell (cancer) diagnostics. 

 

5.1 Introduction 

 

Cancer, a leading cause of death worldwide, is defined as an uncontrolled division of abnormal 

cells in a part of the body. Cervical cancer is the fourth most common cancer in women and the 

mortality associated to it can be reduced if this disease is detected at the early stage [5-1, 5-2, 5-3]. 

Since early detection plays a key role in boosting the survival of cancer, the development of a 

sensitive technique for early discovery is one of the major focuses of cancer research. Therefore, 

recent efforts have been focused on the development and testing of new conceptual or 

technological methods for early diagnosis of the disease. Raman spectroscopy enhanced with 

nanomaterials/nanostructures platform gained much attention due to its promising in terms of 

implementation and efficiency. Raman spectroscopy, one of the current diagnostic techniques, is 

progressively explored for early cancer diagnosis [5-4]. Molecular changes in cells, tissues or 

biofluids can be detected and quantified by Raman spectroscopy. The medical diagnostic 

applications of Raman spectroscopy have recently escalated due to the ability to use advanced 

optical technologies in the visible or near-infrared spectral range, easy sample preparation and high 

chemical specificity [5-5, 5-6, 5-7]. 

The Raman spectra of cells and tissues that contain many biochemical components, including 

DNA, RNA, proteins, lipids, and carbohydrates, are a superposition of the contributions from each 

individual biochemical component. However, Raman spectroscopy often requires high power 

lasers due to its low scattering efficiency [5-8] and that may cause damage to biological samples. 

Thus, surface enhanced Raman scattering (SERS) technique utilizing nanostructured surfaces[5-9, 

5-10] improve the sensitivity of traditional Raman spectroscopy while reducing the laser power and 
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collection time [5-11]. With single molecular sensitivity, SERS can be widely applied to chemical 

molecule/ion detection, clinical discrimination of cancer tissues etc. [5-12, 5-13]. 

Recently, different researchers used carbon based nanostructures/nanomaterials for diagnostics 

and bio-sensing [5-14, 5-15]. Carbonaceous nanostructures due to their different anisotropies and 

surface properties are good candidate to act as a bio-sensor. Pristine carbon nanotubes (CNTs) 

contain cytotoxicity due to its synthesis procedure [5-16] and require functionalization to gaining 

suitability for bio-sensing [5-17]. Although CNTs are SERS active, capability CNTs alone is not 

always sufficient to provide adequate detection of cancer cells due to poor Raman enhancement [5-

18]. With noble metal (Au, Ag) nanoparticle conjugation, CNTs achieved detection, differentiation 

and therapy of cancer cells [5-19]. In line with CNTs, only 2 to 17-fold Raman enhancement was 

observed on graphene film [5-20]. Therefore, graphene was conjugated with gold nanoparticles and 

differentiation of human breast normal, cancer and cancer stem cells was achieved [5-9]. Graphene 

quantum dots, another branch of carbonaceous nanomaterials, showed higher Raman enhancement 

than conventional graphene sheet [5-21]. However, it is not used alone as SERS sensor for in-vitro 

live cancer cell detection. Individual use of carbonaceous nanoparticles as SERS substrate requires 

high power laser irradiation and long acquisition times to achieve a significant spectrum recording. 

This process can cause heat damage in cells and tissues. Therefore, the application of individual 

carbonaceous nanoparticles in Raman spectroscopy-related techniques for biomedical applications 

is limited.  

Thus far, the researchers used carbon nanomaterials as a component of hybridized bio-sensing 

platform along with noble metal nanoparticles (Ag and Au) and attained SERS active detection of 

various normal and cancer cells. Overall, Carbonaceous nanostructures based surface-enhanced 

Raman spectroscopy (SERS) substrates introduce a new edge in the field of SERS despite that 
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their individual application as SERS substrates is impeded by their low SERS enhancement and 

inferior detection sensitivity. There is a need for biocompatible carbon 

nanomaterials/nanostructures that can be applied individually as a label free SERS based platform 

for in-vitro detection and differentiation of cancer cells.   

Herein, we demonstrate a nitrogen incorporation-assisted approach to create a new nitrogen 

enriched 3D carbon nanoprobe (N-CNP) sensor platform that lead to significant increase in SERS 

enhancement, probably due to the enhanced charge-transfer resonance [5-17] as well as exciton 

resonance arising from the judicious control of nitrogen admission in N-CNPs sensor platform. 

The N-CNPs sensor platform yields reproducible SERS signals with an enhancement factor of 

2.10 x104 with the crystal violet (CV) dye ，which is in the higher side in comparison to Raman 

enhancement factors on the surface of monolayer graphene (2 to 17) obtained in other literature [5-

20]. The created platform showed enhanced microenvironment favorability in terms of both 

fibroblast and HeLa cell attraction and subsequent adhesion which ultimately reflects its 

biocompatibility. The microenvironment favorability showed increasing trend with increment in 

nitrogen enrichment on N-CNPs sensor platform. With the aid of the N-CNPs sensor platform, in 

the present research, we introduce a label free non-plasmonic SERS based unique technique for 

potential point-of-care screening and early detection of HeLa cancer cells by intracellular sensing. 

SERS hot spots were created inside the HeLa and fibroblast cells through internalization of N-

CNPs unit structures smaller than ten nanometers and thereby achieved SERS based Raman 

sensing of live cells. The Raman spectroscopic monitoring of live HeLa and fibroblast cells seeded 

on N-CNP containing platform was done during the incubation period of 24 hours at an interval 

of 6 hours with handheld nano Raman system. The results depicted peaks related to intracellular 

biochemical components like proteins, DNA and RNA. The highest Raman signal enhancement 
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achieved for intracellular molecules such as DNA was almost 6-fold in comparison to carbon 

sensor spectra. Dominance of specific peaks in the Raman spectra profile and the significant 

relative intensity changes for fibroblast and HeLa for live condition suggested a guideline in 

detecting and differentiating the HeLa cells in comparison to fibroblast and thereby early diagnosis 

of Hela cells. Femtosecond laser induced self-assembly process results in variation of nitrogen 

enrichment in the created 3D carbon nanoprobe and exhibited enhanced SERS activity. The 

simplicity and versatility of the proposed SERS based N-CNPs sensor platform aided Raman 

detection technique for HeLa (cancer) in comparison to fibroblast (mammalian) cell can be used 

for cancer diagnostics and/or as a tool for evaluating new cancer therapy. 
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Figure 5.1: Graphical abstract showing formation of 3D interconnected Nitrogen enriched carbon 

nanoprobe sensor platform, SERS activation with CV dye and subsequent SERS based early 

detection of HeLa and Fibroblast cells 

5.2. Materials and Method 

 

5.2.1 Nitrogen-enriched 3D carbon nanoprobe sensor fabrication 

The generation of the N-enriched 3D carbon nanoprobe (N-CNP) sensor platform was achieved 

through ionization of an isomolded, very fine grain, high strength graphite plate (3 mm thickness) 

(Graphtek LLC, USA) using a Clark-MXR IMPULSE pulsed Yb-doped fibre amplified 

femtosecond laser system. To prepare the graphite plate ready for ionization processing, each 4 

cm2 square plate was polished with sand papers (3M Canada, 1000 grit, 2000 grit and 3000 grit), 

ultrasonically cleaned (Cole-Parmer 8890 ultrasonic cleaner) with acetone and ethanol and then 

dried. The consistency of the ultrafast pulsed laser formation mechanism was maintained with the 

laser wavelength (1030nm), the average laser power (15W), the laser pulse width (214fs), the laser 

beam scanning speed (1 mm/s) and irradiation focal spot area (84.62 × 10−8 𝑐𝑚2). An array of 

lines with varying space designed by EzCAD software was machined on the graphite sample 

substrate mounted on a fixed stage with computer controlled high precision 2-D translation scanner 

guided the incident laser beam. The nano topography and chemistry of the created N-CNPs sensor 

platform was altered with the variation of ultrashort pulse laser fluence (the pulse energy 

transferred to the substrate per unit area) to 4.43, 2.22 and 0.68 J/cm2 (referred to as high, medium 

and low fluence). To facilitate the interaction of the carbon ion with the gaseous species of N2 

towards formation of the N-enriched 3D carbon nanoprobe, gaseous species of N2 was introduced 

into the ion-plume formed by the pulsed laser. The N2 gas was injected at a flow rate of 0.2MPa 
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into the laser-sample substrate interaction zone through nozzles which evenly surround the 

ionization area. 

5.2.2 Morphological characterization 

The surface morphology of the self-assembled N-CNPs sensor platform was evaluated initially 

with field emission scanning electron microscope (FE SEM) (Hitachi S-5200). Following SEM, 

EDX was carried out to determine the elemental composition of irradiated N-CNPs sensor 

platform. The physical morphology of the resulting N-CNPs sensor platform was imaged with a 

Leo 912 transmission electron microscope (TEM) on copper mesh grids. The size distribution of 

created nanostructure was determined through the analysis of the images using Image J (image 

processing software). 

5.2.3 Physicochemical characterization 

X-ray photoelectron spectroscopy (XPS) was employed to identify the physicochemical properties 

of the fabricated N-CNPs sensor platform. XPS analysis deduced the chemical composition of the 

nanostructures. The XPS data was collected with a Thermo Fisher K-Alpha XPS system using a 

monochromated Al Kα X-ray source with a 2:1 ellipse spot size of 400 mm as the major axis. 1 

cm2 samples were irradiated with the laser system and used for XPS analysis. To give better energy 

resolution and peak shape definition regional scans were performed at 50 eV pass energy and 0.1 

eV point spacing. Elemental quantification of the created nanocarbon structure was performed 

with the Avantage software. 

B&W Tek, Inc NanoRam® handheld Raman system (wavelength 785 nm at a power of 350 m W) 

was engaged for the SERS analysis of the N-CNPs sensor platform with Crystal Violet dye and 

the SERS enhancement factor was determined. The CV dye due to its large Raman cross-section 

is popular for SERS analysis. The CV dye was coated onto individual nanostructure areas at 
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concentration of 1x10-6 M prior to Raman analysis. Each resultant Raman spectra was obtained at 

10s collection time and repeated in triplicate then averaged. 

5.2.4 Cell culture  

Both human cervical cancer cells (HeLa, ATCC, American Type Culture Collection, ATCC No. 

CCL-2) and Fibroblasts (NIH-3T3, ATCC, USA) were employed in cell experiments to ascertain 

the differences of mammalian and cancer cell lines in response to their biochemical fingerprints. 

These cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, and the cultures were incubated at 

37 °C in a humidified 5% CO2−95% air atmosphere. 

5.2.4.1. Fibroblast and HeLa Cells seeding on N-CNPs sensor Platform 

Prior to addition of cell culture medium, N-CNPs sensor platforms were exposed to UV light for 

20 min for sterilization. Subsequently, the platforms were placed inside Petri dishes containing 3 

ml of DMEM/F12 medium and 10% FBS per dish, and the cells were seeded at a density of 105 

cells/ml. The Petri dishes were placed in an incubator for 24 h. During the incubation period, 

Raman spectra of the live cells along with the nanostructures were collected at the interval of every 

6 hours (6, 12, 18 and 24 hours) using the B&W Tek, Inc NanoRam® handheld Raman system. 

5.2.4.2. Fluorescence microscopy of Cells.  

The samples were first fixed in methanol-free paraformaldehyde and then, incubated in skimmed 

milk to prevent nonspecific binding. Further incubation of the samples was then performed using 

Alexa Fluor 488 phalloidin (Life Technologies) to stain the actin and the cytoskeleton, followed 

by DAPI (Life Technologies) to stain the nucleus. The samples were studied using an 

epifluorescent Nikon E-400 microscope with a fluorescein isothiocyanate (FITC) and DAPI filter. 

The data were recorded using a DS-5M-U1 color digital camera (Nikon, Canada). 
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5.2.5 Statistics 

Experiments were carried out in triplicate, and the data represented the mean ± standard deviation, 

unless otherwise mentioned. The cell counting was carried out using FM images and image 

processing software. One-way analysis of variance (ANOVA) was used to evaluate the statistical 

significance, with *p < 0.05 and **p < 0.01 suggesting significant difference. 

5.3. Results and Discussion 

 

5.3.1 N-CNP sensor platform formation 

N-CNP sensor platform was synthesized by femtosecond laser processing of the graphite plate, as 

depicted in the schematic in Figure 5-2 (A). The laser induced ionization kinetically controlled the 

self-assembly synthesis of N-CNP sensor platform and introduced unique attributes to its 

nanostructure. With the precise guidance of a computerized galvano scanner, the 2D (X-Y) 

movement of laser beam transferred a predesigned array of lines onto the surface of the graphite 

sample. Femtosecond laser processing of the graphite sample, assisted with megahertz pulse 

repetition rate, caused surface ablation, nanoparticle evaporation and formation of vapor plume. 

In the dense vapor plume, there are different forms of carbon, namely carbon ions, carbon radicals 

and neutral carbon[5-22] and air molecules containing oxygen ions. The gaseous species of N2 was 

introduced in the ion plume through nozzles. The ion plume expanded into the surrounding air and 

its temperature dissipated and thus process of nucleation occurred and created self-assembled 

nanostructure containing C-C, C-N and C-O bonds in the plume. Later upon collided and 

aggregated of these nano-species, N-enriched 3D interconnected carbon nanoprobe was formed. 

Complex dynamics of plume expansion as well as substrate property and ionization energy 

influence the nanotopography and the altered nanochemistry of the fabricated structure on the 

substrate. For this study, we used three different ultrashort pulse laser fluence of 4.43, 2.22 and 
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0.68 J/cm2 (referred to high, medium and low ionization energy), along with beam scanning speed 

of 1 mm/s to achieve variation in the nano-topography and chemistry of the created nanocarbon 

structure. 

Femtosecond laser pulses irradiated the graphite surface and the ablation thereof attained through 

mechanical fragmentation, homogeneous nucleation and vaporization [5-23]. A reactive high-

temperature plasma plume created with the multiphoton ionization contained a combination of 

neutral carbon (C), carbon radicals (C2, C3) and carbon ions (C+, C2+) [5-22]. At the bottom of this 

expanding plasma plume the heavier radicals and the neutral carbon reside whereas carbon ions 

lie on the upper part of the plume. The component mixture of the plume varies with the change in 

ionization energy and creates impact on the morphology variation and the change in nano-

chemistry of the created 3D N-CNP sensor platform. The width of the carbon nanoprobe varies 

with the change in ionization energy from low to high and average width decreases with the 

increase in ionization energy. The gaseous nitrogen ion species supplied through nozzle into the 

plume and Oxygen atom which is one of the components of the ambient atmospheric gas had a 

chemical contact with the carbon ions resulting in the creation of C-N and C-O molecular bonds. 

Therefore, C-C, C-N and C-O comprise the chemical structure of created carbon nanoprobe as 

they deposited at the time of condensation process. The nano-chemistry in terms of C-N 

concentration increases with the increase in ionization energy. 
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Figure 5-2. A) Schematic illustration depicting the one-step femtosecond laser synthesis of the N-

enriched 3D interconnected carbon nanoprobe B) FESEM and TEM images showing physical 

morphology of the created N-enriched 3D interconnected carbon nanoprobe.  

 

5.3.2 Morphology and physicochemical characterization of N-CNP sensor platform 

The FE-SEM EDX elemental mapping of the created N-CNP sensor platform (Figure 5-3 A) 

patterns confirmed that the N-CNP structures mainly consisted of carbon, nitrogen and oxygen. 

Careful adjustment of laser processing parameters changed the graphite plate surface that contains 

basically C-C bonds and created 3D interconnected nitrogen enriched carbon nanoprobe with C-

C, C-N and C-O bonds. The N-CNP width describe the physical morphology of the 3D N-CNP 

sensor platform (Figure 5-3 B). With the increment of ionization energy from low to high, there is 

a gradual reduction of the N-CNP width. A denser plume generated from higher ionization energy 

leads to a more compact N-CNP nanostructure. The average size of the carbon nanoprobe width 
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varied from 6.10 to 5.40 nm with the increase in the ionization energy from 0.68 to 4.43 J/cm2. 

The frequency histograms of the carbon nanoprobe width distribution (Figure 5-3 B) showed that 

higher ionization energy tends to have a narrower width distribution. This observation agrees with 

our previous observation of the femtosecond laser synthesis of the Si nanostructure [5-24]. 

The characteristic XPS spectra of the graphite substrate and the created 3D interconnected N-CNP 

sensor platform for different C−N concentration phases on the graphite substrate along with a 

quantitative assessment of the major elements are presented in Figure 5-3 C, D. XPS spectra show 

three characteristic peaks at 285.08, 400.08 and 533.08 eV for the N-CNP sensor platform and the 

native carbon sensor, which can be ascribed to C 1s, N1s and O 1s, respectively (Figure 5-3 C). 

Both the reactive gases, such as nitrogen and oxygen， presented during the interaction of laser-

mater in the surrounding atmosphere. Hence, C-N and C−O bonds formed as both nitrogen and 

oxygen took part in the chemical transformation with the carbon ions. Therefore, C−C, C−N and 

C−O bonds, three major chemical bonds present in the created N-CNP sensor platform. The 

presence of nitrogen in the N-CNP sensor platform increases with the increase in the ionization 

energy. 
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Figure 5-3. (A) FSEM-EDX elemental mapping of the created N-CNPs sensor platform (B) N-

enriched carbon nanoprobe width frequency histogram; (C) XPS spectra of the N-CNP structures 

with different C−N percentage phases along with the extended C1s, N1s and O1s spectra and the 

(D) corresponding quantitative analysis of the major elements in the created N-CNPs sensor 

platform.  

From the quantitative assessment of the major elements (Figure 5-3 D) the nitrogen percentage are 

measured as 14%, 30%, and 49% at ionization energies of 0.68, 2.22, and 4.43 J/cm2, respectively. 

Therefore, the created different C-N concentration bearing N-CNP sensor platforms are termed as 
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49%, 30% and 14% N-CNP sensor platform for this study. The first peak position, which is at 

285.08 eV is interpreted as the sp3 hybridized carbon [5-25]. The second peak position at 400.08 eV 

is interpreted as −C ≡ N  bond of three fold nitrogen [5-26]. On the other hand, the peak position at 

533.08 eV interpreted as the C-O bonds that correspond to the chemisorbed oxygen [5-27].  

5.3.3 SERS efficiency of N-CNP sensor platform and EF calculation 

Crystal violet dye was used to recognize the SERS enhancement factor of the 3D N-CNP sensor 

platform (Figure 5-4 A). This is a popular dye for SERS analysis due to its large cross section. 

 

Figure 5-4. (A) SERS Raman enhancement of N-CNP sensor platform with CV dye (B) Raman 

EF values with CV dye for D and G band at different N-CNP width (C) Schematic of the charge-

transfer mechanism principle for SERS enhancement. 

 

The details of the procedure used to determine the enhancement factor (EF) value of the N-CNP 

sensor platform is described in the Apendix 2. A significant enhancement in the intensity of the 

characteristic G band and D band Raman peaks of CV dye on the N-CNP structure of varies C-N 
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percentage in comparison to that of the bulk carbon sensor was observed, which was evident from 

both the Raman spectra and EF values (Figure 5-4 A, B). It is detected that the C-C bond containing 

carbon sensor (the surface layer of the bulk graphite plate having C-C bond) spectra have no or 

minimum response to the presence of the CV dye. However, when CV dye is coated onto the N-

CNP sensor platform, the characteristic peaks are clear and well defined. We observed a maximum 

enhancement of 2.10x104 for the CV dye at 10-6 M concentration. Highest EF values were achieved 

for lower N-CNP width which might be due to higher cross section area associated with lower N-

CNP width. Both electromagnetic mechanism (EM) and Chemical mechanism (CM), are 

considered for SERS enhancement phenomena [5-9, 5-28]. The basis for EM is the enhancement of 

the local electromagnetic field that results in a significant increase in the Raman scattering cross 

section. The surface plasmons excited by the incident light is the main contributor to the 

electromagnetic enhancement [5-29]. The enhancement factor for the EM enhancement can reach to 

1010 or more [5-30]. In CM enhancement [5-31], a new resonance state is generated through a charge 

transfer between the substrate and absorber. Here the cross section of the Raman scattering 

increases as the positive and negative charge in the molecule become more separated. CM 

enhancement offer an enhancement factor of 10 to 102 [5-20]. In our study, it is presumed that CM 

mechanism employed for Raman signal enhancement with an enhancement factor of 104 which is 

on the higher side in comparison to Raman enhancement factors on the surface of monolayer 

graphene (2 to 17) obtained in other literature [5-20] . Therefore, the N-CNP sensor platform is highly 

SERS active and can detect an analyte much more readily than the carbon sensor. 

The SERS efficiency of N-CNP sensor platform might be explained with CM enhancement 

mechanism. The schematics in Figure 5-4 C explains the principle of the charge-transfer 

mechanism for CM enhancement. This mechanism requires charge transfer between the molecule 
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and the substrate and the distance between the molecule and the substrate need to be below 0.2 nm 

[5-32, 5-33]. The core C-C bond of the N-CNP sensor platform might induce charge transfer which 

was similar to graphene [5-34]. When an analyte molecule is in close proximity to an N-CNP sensor 

surface and is excited by a photon source the charge-transfer resonance happens [5-35]. The valence 

band (VB) and conduction band (CB) energy levels of the N-CNP structure should be relatively 

comparable to the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO) of the dye molecule respectively. Electrons can travel along the showed 

path in the figure thermodynamically from either the N-CNP structure to the molecule or vice 

versa if these energy levels are within the range of each other and the incident light has enough 

energy. When a photon excites an electron from the VB to the CB, it is transferred to the LUMO 

through resonant tunneling because they are neighboring each other and have comparable energy 

level. This electron transfers energy to a vibrational state of the molecule and causes a SERS 

photon to be emitted from the molecule. Then it decays back to the CB. Likewise, through resonant 

tunneling an electron might be excited by a photon from the HOMO energy level to the LUMO 

energy level and transferred to the CB of the N-CNP structure. After transferring energy to the 

vibrational state of the molecule the electron will decay to the ground energy level of the molecule 

and thus causes emission of SERS photon. 
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5.3.4 Favorable micro environment by N-CNP sensor platform  

5.3.4.1 Favorable micro environment 

Micro-environment favorability towards attraction and subsequent cell adhesion is important for 

Raman spectroscopic bio sensing of both HeLa and fibroblast cells. Figure 5-5 (A, B and D) 

explained the process for identification and quantitative measurement of Micro-environment 

favorability. Quantitative analysis of the fibroblasts and HeLa cells adhered on the N-CNP sensor 

platform with different percentage of C-N phase (Figure 5-5 A) indicating favorable 

microenvironment for SERS assessment. 49% C-N phase containing N-NCP sensor platform 

showed highest cell adhesion for both fibroblast and HeLa cells. There was gradual decrement as 

the percentage C-N dominant phase decreases. A highest 14-fold favorability ratio was achieved 

for C-N phase containing N-NCP sensor platform in comparison to the control substrate (figure 5-

5 D). 
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Figure 5-5. (A) Quantitative analysis of the fibroblasts and HeLa cells adhered on the N-CNP 

sensor platform with different percentage C−N dominant phases indicating favorable 

microenvironment for SERS. The error bars show the standard error of the mean; experiments 

were repeated with n = 3. Statistical significance is shown with *p < 0.05 and **p < 0.01(B) N-

CNP sensor platform showed higher microenvironment favorability for cell adhesion (C) 

Schematics showing N-CNP unit structure uptake by the fibroblast and HeLa cytoskeletons 

attached to the N-CNP sensor platform and (D) The favorability ratio showed an increasing trend 

with the increment of C-N enrichment in the N-CNP sensor platform. 

Upon seeding, both fibroblast and HeLa cells had an affinity to attach to the areas of higher protein 

adsorption sites. In comparison to carbon sensor plate the N-CNP sensor platform has a higher 

protein adsorption area [5-36, 5-37, 5-38] and hence attracted the cells and primary attachment and 

subsequent cell adhesion took place. 

5.3.4.2 N-CNP unit structure uptake 

Local optical fields necessary for intracellular probing is provided through cellular uptake [5-39]. N-

CNP unit structure uptake process by both HeLa and fibroblast cells during the period of 

incubation was portrayed in figure 5-5 C. The fluorescence micrographs (figure 5-5 C) evidenced 

the presence of N-CNP unit structure inside the fibroblast and HeLa cells. It might be hypothesized 

that the internalization of N-CNP unit structure, a constructive components of the interwoven 3D 

N-CNP sensor platform, was happened through endocytic uptake due to the contiguity of cells to 

the carbon nanoprobe platform. The endocytic process of taking up N-CNP unit structure by cells 

was determined by the nanoparticle size, shape, surface charge as well as type of cells [5-40, 5-41]. 

Upon adhered, uptake mechanism of the fibroblast and HeLa cells allowed the N-CNP unit 

structure to merge with the membrane and pass through it without encapsulation. Roiter et. al. [5-

42] mentioned that the curvature of lipid bilayers dropped onto smooth nanoparticles between 22 

to 200 nm diameter does not promote membrane break. The carbon nanoprobe width distribution, 
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in this study, varied between 5.40 and 6.10 nm (Figure 5-3). This said structure of the N-CNP 

containing platform helped smooth uptake of the N-CNP unit structure by the cells. Again, 

researchers showed that particles of sizes up to 100 nm could be taken up by active endocytosis [5-

43, 5-44, 5-45]. The presence of internalized N-CNP unit structure inside fibroblast and HeLa cells 

(figure 4C) evidenced N-CNP unit structure uptake by the endocytosis process [5-46, 5-47].  

5.3.5 SERS Raman spectra of the live Hela and fibroblast cells 

The Raman spectroscopic monitoring of live HeLa and fibroblast cells seeded on N-CNP sensor 

platform was done during the incubation period of 24 hours at an interval of 6 hours with handheld 

nano Raman system. Figure 6-6 A, B showed the live Raman spectra of both cell lines. The cells 

were seeded covering the entire sample which constitutes both N-CNP sensor platform and the 

native carbon sensors. The Raman spectra collected outside the nanostructure zone have C-C 

containing surface along with seeded cells. 

5.3.5.1 SERS spectra of live fibroblast cells 

Suitable microenvironment created by the N-CNPs containing platform attracted the live fibroblast 

cells toward it and cell adhesion took place. Figure 6-6 A depicted the Raman response of live 

fibroblast cell on different C-N percentage N-CNP sensor platform for 24 hours incubation period. 

A decent intracellular component response of fibroblast cells to Raman signal was recorded after 

6 hours of incubation. This response was varied over the next every 6 hours-time within total 24 

hours incubation period. A tentative assignment of Raman peaks was tabulated in Table S3 in 

Apendix 5 for live fibroblast cells with reference to the earlier studies48,49. Different intracellular 

molecular fingerprints such as protein (1212 cm-1, 1232 cm-1, 1472 cm-1,1600 cm-1, 1640 cm-1), 

DNA (800 cm-1, 808 cm-1,816 cm-1, 1296 cm-1) and RNA (656 cm-1,776 cm-1, 780 cm-1) were 

identified.  
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5.3.5.2 SERS spectra of live HeLa cells 

Figure 6-6 B depicted the Raman response of live HeLa cell on different C-N percentage N-CNP 

sensor platform for 24 hours incubation period with 6 hours intervals along with Raman signal 

enhancement factor variation within the said period. A significant response for HeLa live cell to 

Raman signal was recorded after 6 hours of incubation in comparison to fibroblast. It was obvious 

as HeLa showed more affinity toward the N-CNP sensor platform because of higher favorability 

ratio than fibroblast (figure 6.5D). This response was continued upto 12 hours of incubation. 

However, both peak intensity and number of peaks appearance reduced next two 6-hour period 

within the total 24-hour incubation time. A similar tentative assignments of Raman peaks was 

tabulated in Table S4 (Apendix 5) for live HeLa cells on different C-N concentration N-CNP 

sensor platform. The identified intracellular molecular fingerprints were DNA (752 cm-1, 800 cm-

1, 804 cm-1, 812 cm-1, 1288 cm-1), RNA (668 cm-1, 764 cm-1, 784 cm-1, 824 cm-1), proteins (1200 

cm-1, 1280 cm-1, 1596 cm-1, 1656 cm-1). 

5.3.5.3 SERS Raman spectra of the immobilized fibroblast and Hela cells 

An in-depth study of the Raman spectroscopy of the immobilized fibroblasts and HeLa cells that 

adhered on the N-CNP sensor platform was also carried out and analyzed along with the 

fluorescence micrograph of the same (Figure 6-6 C, D). The Raman spectra was collected after 24 

hours of incubation after fixing the cells on the N-CNP sensor platform. The SERS based Raman 

spectral fingerprint of DNA, RNA and protein was distinctive for fibroblast rather than HeLa cells. 

This analysis was in line with the result received earlier in terms of live cell SERS based Raman 

sensing. 
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5.3.5.4 SERS effect on live Fibroblast and HeLa cells 

The Raman signal enhancement factor for the intracellular components like DNA, RNA and 

protein of both fibroblasts and HeLa cells was calculated to identify the effect of N-CNP sensing 

platform on the Raman spectral quality. DNA showed a highest Raman signal enhancement of 

almost 6-fold in comparison to native spectra for both the cell lines. The Raman enhancement 

factor varied over the 24 hours incubation period. However, with the increment of the C-N 

percentage phase of N-CNP sensor platform there is an increment of Raman enhancement factor.  
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Figure 5-6 SERS Raman spectra of (A) live fibroblast cell and (B)HeLa cells seeded on different 

C-N percentage N-CNP sensor platform for 24 hours incubation period with 6 hours intervals 

along with Raman signal enhancement factor variation within the said period (C)Variation in 

different intracellular components peaks of immobilized fibroblast cells based on SERS Raman 

spectra obtained from 24 hours samples containing different C-N percentage N-CNP sensor 

platforms along with fluorescence micrograph and (D) Variation in different intracellular 

components peaks of immobilized HeLa cells based on SERS Raman spectra obtained from 24 

hours samples containing different C-N percentage N-CNP sensor platforms along fluorescence 

micrograph with (E) Raman enhancement for DNA peak and protein peak. 

Therefore, a significant Raman signal enhancement achieved in presence of N-CNP sensor 

platforms. 

5.3.6 HeLa cells diagnosis from live SERS Raman spectra 

Relative intensity change of different intracellular components such as protein, DNA and RNA of 

HeLa cells over the 6-hour interval over the 24 hours incubation period recorded through SERS 

based Raman signal in comparison to the same intracellular components of fibroblast cells might 

be the guideline for detection and differentiations of both the cell lines (Figure 6-7). There was an 

increment of relative intensity of Protein, DNA and RNA peaks of HeLa cells initially from 6-hour 

to 12-hour of the incubation period. With the passage of time, the relative intensity showed 

declining trend for all the intracellular components. However, characteristic opposite behavior was 

observed for fibroblast cells. The distinctive difference of cell shapes of HeLa and fibroblast cells 

depicted in fluorescence micrographs (figure 6-7) might shed light on this opposite behavior. Over 

the passage of time the N-CNP sensor platform might create inhibitive cues for HeLa cells towards 

growth and proliferate and ended up with rounded structure for Hela. This inhibitive function 

restricts the regular activities of DNA, RNA and protein of HeLa and resulted in reduced Raman 

intensity. However, as there were no such activities for fibroblast the growth as well as 
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proliferative behavior was positive and resulted in increased relative intensity of the corresponding 

intracellular components. 

 

Figure 5-7 Diagnosis of HeLa cells through relative intensity change of protein, DNA and RNA 

peaks of both HeLa and fibroblast cells from live Raman spectra analysis for 24 hours incubation 

period with 6 hours intervals. 

 

5.4 Summary 
 

SERS based cancer diagnostic approach with Raman spectroscopy supported by carbonaceous 

nanostructures is a new analytical platform to researchers. However, their individual application 

as SERS substrates is hindered by their low SERS enhancement and inferior detection sensitivity. 

This in vitro study exhibited the development of a new nitrogen enriched 3D carbon nanoprobe 

SERS sensor platform for label free early detection of HeLa cancer cells. The SERS active N-CNP 

sensor platform showed a great potential for the investigation of intracellular structure components 

and thereby diagnosis of HeLa cancer cells. This SERS based spectroscopy provided intracellular 
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molecular information noninvasively and without any labeling. The N-CNP sensor platform yields 

reproducible SERS signals with an enhancement factor of 2.10 x104 with the crystal violet (CV) 

dye which is in the higher side in comparison to Raman enhancement factors on the surface of 

monolayer graphene (2 to 17). The created platform showed enhanced microenvironment 

favorability in terms of both fibroblast and HeLa cell attraction and subsequent adhesion which 

ultimately reflects its biocompatibility. SERS hot spots were created inside the HeLa and fibroblast 

cells through internalization of N-CNP unit having physical morphology below ten nanometer N-

CNP width and thereby achieved SERS based Raman sensing of live cells. The live HeLa and 

fibroblast cells seeded on N-CNP containing platform was monitored with handheld nano Raman 

system during the incubation period of 24 hours at an interval of 6 hours. The results depicted 

peaks related to intracellular biochemical components like proteins, DNA and RNA. The highest 

Raman signal enhancement achieved for intracellular molecules such as DNA and was almost 6-

fold in comparison to carbon sensor spectra. Dominance of specific peaks in the Raman spectra 

profile and the significant relative intensity changes obtained for fibroblast and HeLa for live 

condition suggested a guideline in detecting and differentiating the HeLa cells in comparison to 

fibroblast and thereby early diagnosis of Hela cells achieved. The creation of the self-assembled 

3D N-CNP sensor platform was done through employment of one step femtosecond laser 

processing on the non-bio responsive C-C bond containing a graphite plate. Both morphology and 

physicochemical properties of created 3D N-CNP sensor platform varies with the change in 

ionization energy. N-CNP width shows gradual reduction with the increment of ionization energy.  
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Chapter 6 

Summary and Future Research 

6.1 Summary 

In this dessertation, the formation of a carbon-based nanomaterials in the form of a three 

dimensional (3D) interwoven nanostructure that exhibits therapeutic and diagnostic application is 

presented. The unique structure, the physical morphology and physicochemical properties of this 

carbon nanostrucutre are aided by using the femtosecond pulsed laser ionization with precise 

control of laser parameter such as laser power, repetation rate, laser pulse width, scanning speed, 

atmospheric conditions and introduction of N2 gas species to the ion plume. Wide range of novel 

attributes like bio-active phase, cytophilic-cytotoxic dual functionality, bio-sensitive SERS 

activeness has been achieved from the synthesized nanocarbons. 

Transformation of non-responsive carbon phase of graphite surface to bio-active carbon phase 

without the post-biological or chemical treatment is presented. Created nanocarbon structures is 

biocompatible and encourages fibroblast cell adhesion and subsequent vigorous prolefiration. Cell 

attraction capability irrespective of cell lines along with cell selective citotoxicity lead to high 

efficiency of cancer therapy and at the same time prolefirative tissue generation for fibroblast 

indicate the possibility of utilizing the created nanocarbon as scafhold for tissue engineering. 

While exploring the diagnostic applications of the nanocarbon materials, the SERS activeness of 

the interconnected nanocarbon web is identified and hence used as a unique non-plasmonic SERS 

based bio-sensing platform for in vitro detection and differntiation of HeLa and fibroblast cells.  

Early diagnosis of cancer is important for saving lives. With a invasion to early stage detection of 

cancerous HeLa cell in vitro, nitrogen is introduced to the nanocarbon structure. Therefore, the 
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nitrogen enriched nanocarbon employs SERS based technique for intracellular sesning. The results 

reveal the chemical fingurprints of intracellular components both HeLa and fibroblast cells and by 

which cell differentiation and early diagnosis of HeLa cell has made possible.  

The main contribution of this dissertation can be highlighted as follows: 

• The development of a new biocompatible 3D carbon nano-network with a bioactive phase 

that significantly promotes cell adhesion. This cytophilic bio-nanocarbon does not require 

any subsequent biological/chemical treatments and considerably stimulates cell adhesion 

and subsequent cell proliferation. 

• The carbon nanoribbon network platform having a combination of C-C and C-O bond 

architecture has dual functionality i.e. cytophilic to fibroblasts but cytotoxic to HeLa cells. 

The said platform acts as a favorable attractor and a proliferation-promoting substrate for 

both fibroblasts and HeLa cells. With the passage of time it induces cell-specific anticancer 

cytotoxicity on HeLa cells and lead to cell death (apoptosis) but no harm on mammalian 

fibroblast cells and develops tissue like structures. 

• SERS active 3D interconnected nanocarbon web is introduced as a unique non-plasmonic 

SERS based bio-sensing platform for in-vitro detection and differentiation of HeLa and 

fibroblast cells. The sub-10 nanometer structure of the said nanocarbon has self-

internalization capacity which results in live cell Raman sensing. Individual detection of 

HeLa and fibroblast cells from chemical fingerprints of intracellular components like 

DNA/RNA, protein and lipids of both cell lines have been revealed through Raman 

spectroscopic peak differences. Additionally, there is a guideline for identification of each 

cell health from spectral responses. 
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• Finally, nitrogen enrichment to the 3D interconnected nanocarbon structure introduce 

exceptional attributes to nitrogen enriched 3D carbon nanoprobe platform and demonstrate 

a label free non-plasmonic SERS based unique technique of early detection of HeLa cancer 

cells by intracellular sensing. This platform demonstrates favorable microenvironment for 

cell adhesion and SERS hot spots is created inside the HeLa and fibroblast cells through 

internalization of nitrogen enriched 3D carbon nanoprobe unit and thereby achieves SERS 

based live cells Raman sensing. The revealed fingerprints of the intracellular components 

(protein, DNA, RNA etc.) of HeLa and fibroblasts cells guide early detection of HeLa cells 

and thereby cancer diagnosis. 

6.2 Future Research 

The created carbonaceous nanostructures exhibited cytophilic-cytotoxic dual functionality and 

SERS enhancement. The versatility of these nanocarbon can be envisioned with a different cancer 

cell lines such as breast cancer cells. Nitrogen enriched nanocarbon platform has been explored as 

SERS based cancer detection probe. Some preliminary results suggest that the said nanostructure 

might be acted as “anti-cancer” nano-therapeutic agents. The scopes of the SERS based Raman 

spectroscopic sensing method may broden in the detection of bacterial infection, specifically E. 

Coli Detection.   
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Appendices 

Appendix 1 

Raman Enhancement Factor calculation: 

The Raman enhancement factor (EF) for the interconnected nanocarbon web is calculated 

experimentally using the below mentioned equation which is in accordance with most accepted 

literature1–3.  

EF =
𝐼𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒/𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐼𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒/𝑁𝑏𝑢𝑙𝑘
                                     (eq. S1) 

I nanostructure represent the Raman SERS intensity on the interconnected nanocarbon web, I substrate 

represent the Raman intensity on graphite substrate. Nbulk represent the number of molecules under 

the confocal volume and Nsurface represents the number of molecules responsible for he SERS 

response. A 10µl volume of both dyes is added to the interconnected nanocarbon web and graphite 

substrate for assessing SERS response. I nanostructure and I substrate are measured at D band and G band 

as both the dyes molecule showed strong vibrational mode at D band and G band and is used for 

EF calculations. Nbulk is calculated using the following equation 

𝑁𝑏𝑢𝑙𝑘 = 𝜋𝑟2ℎ𝑐𝑁𝐴                                        (eq. S2) 

Here, NA is Avogadro’s constant, r represents the Raman laser spot radius (1.5µm), h is the half of 

the depth of field (DOF) of a 50X magnified laser used in this study (2µm), and c is the dye 

concentration (1x10-3M). To calculate Nsurface the following equation is used 

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑆𝐴𝑒𝑓𝑓(𝐶𝑎𝑑𝑠𝑁𝐴
1000𝐿

1𝑚3 )
2

3⁄                                                  (eq. S3) 

Where, SAeff is the effective surface area of nanocarbon structure within the Raman laser 

interaction volume, Cads is the surface adsorption of the dye molecule and NA is Avogadro’s 

constant. Calculation of both surface area and dye absorption on nanocarbon structure are required 
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to calculate Nsurface. Based on the previous works of Maznichenko et al.4 and Powell J.A. et al.5 

some conservative estimates for nanonetwork were made in calculating Nsurface. The nanocarbon 

network density is assumed to be identical to bulk graphite ρ = 1.82 g/m3 (manufacture’s data sheet 

Graphtec LLC) and BET surface area as 32.4 m2 /g from literature6. The SERS experiments were 

performed instantly after application of both the dyes on interconnected nanocarbon web and on 

graphite substrate. There is a requirement of identifying the number of dye molecules adsorb onto 

the surface of nanonetwork to estimate the number of molecules that contribute to Raman 

enhancement from the nanocarbon structure. A similarity relationship is established as it is not 

possible to weigh cubic micrometer volumes. It is assumed that only the molecules present within 

the interaction volume of the Raman laser contribute to Raman enhancement for both Nbulk and 

Nsurface calculation. 
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Appendix 3 

a. Table S1: Peak assignments for Raman spectra data recorded for fibroblast cells 

Wave number 

(cm-1) 

Raman Peak assignment Wave number (cm-1) 

(for live cell on high C-O 

concentration 

nanocarbon platform 

after 24 hours) 

Wave number (cm-1) 

(for cells fixed on high 

C-O concentration 

nanocarbon platform 

after 24 hours) 

415 Phosphatidylinositol (lipid) - 400 

477 Polysaccharides, amylose - 472 

662 C-S stretching mode of 

cystine (collagen type I) 

- 660 

678 Ring breathing modes in the 

DNA bases 

680  

788  DNA 792  

802 Uracil-based ring breathing 

mode 

- 804 

974  RNA - 976 

1023 Glycogen - 1024 

1235 Amide III (Proteins) 1232 - 

1291 Cytosine (DNA) 1292 - 

1465 Lipids 1464 - 

1480 Amide II (Proteins) - 1480 

1600 Amide I (Proteins) 1600 - 

1697 Amide I (Proteins) 1696 1692 

1756 Lipids - 1768 

2095 C-N stretch 1864 - 

2300–3800 Region of the OH-NH-CH 

stretching vibrations (Lipids) 

2328 - 

  2384  

   2416 

  2440  

   2500 

  2548  

   2620 

  2752 2752 

   2828 

2876 CH2 asymmetric stretch of 

lipids and proteins 

2876 2880 
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b. Table S2: Peak assignments for Raman spectra data recorded for HeLa cells 

Wave number 

(cm-1) 

Raman Peak assignment Wave number (cm-1) 

(for live cell on high C-O 

concentration 

nanocarbon platform 

after 24 hours) 

Wave number (cm-1) 

(for cells fixed on high 

C-O concentration 

nanocarbon platform 

after 24 hours) 

415 Phosphatidylinositol (lipid) 408 404 

447/54 Ring torsion of phenyl (2) 456 - 

477 Polysaccharides, amylose - 488 

573 Tryptophan/cytosine, 

guanine (DNA/RNA) 

552 560 

678 C, T, G (DNA/RNA) 604 680 

811 

827 

O-P-O stretching RNA 

DNA 

828 818 

974 Ribose vibration, one of the 

distinct RNA modes 

- 976 

1022 Glycogen - 1020 

1104 Phenylalanine (proteins) - 1104 

1155 C–C and C–N stretching of 

proteins 

- 1160 

1247/8 Guanine, cytosine (NH2) 

(DNA) 

- 1248 

1313 CH3CH2 twisting mode of 

collagen/lipid 

1312  

1453 Proteins 1452 - 

1593 C=N and C=C stretching in 

quinoid ring 

1596  

1667 Proteins - 1668 

1716–41 C=O - 1720 

1756 Lipids - 1776 

2095 C-N stretch 2096 2016 

    

2225 C=N 2216 2216 

2300–3800 Region of the OH-NH-CH 

stretching vibrations (Lipids) 

- 2376 

  - 2416 

  2480 - 

  - 2508 

  2548 2552 

  2652 2624 

  - 2720 

  - 2752 

  2824 - 

2876 CH2 asymmetric stretch of 

lipids and proteins 

2872 2876 
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c Table S3: Raman signal enhancement for DNA, protein and lipid peaks for live Fibroblast cells 

Incubation time Raman signal enhancement 

DNA Protein Lipid 

6 Hour 2 1 2 

12 Hour 1 1 2 

18 Hour 3 4 4 

24 Hour 4 4 4 

 

 

 

d. Table S4: Raman signal enhancement for DNA, protein and lipid peaks for live HeLa cells 

Incubation time Raman signal enhancement 

DNA Protein Lipid 

6 Hour 3.10 3.17 3.49 

12 Hour 3.68 4.03 4.09 

18 Hour 4.21 4.71 4.83 

24 Hour 6.12 5.66 5.21 
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Appendix 4 

a. Table S3: Peak assignments for Raman spectra data recorded for fibroblast cells 

Wave number 

(cm-1) 

Raman Peak assignment Wave number (cm-1) 

(for live fibroblast cell on 

N-CNP sensor platform) 

Wave number (cm-1) 

(for fibroblast cells 

fixed on N-CNP 

sensor platform) 

667/9  T, G (DNA/RNA) 656 - 

776 Phosphatidylinositol (RNA) 776  

752 DNA - 756 

780 Uracil based ring breathing 

mode (RNA) 

780 - 

800 DNA 800 - 

810 Phosphodiester (Z-marker) 

(DNA) 

808  

812 Phosphodiester (Z-marker) 

(DNA) 

- 812 

815 Proline, hydroxyproline, 

tyrosine (DNA) 

816 - 

1208 n(C-C6H5), tryptophan, 

phenylalanine (protein 

assignment) 

1212 - 

1230 Amide III (proteins) 1232 - 

1296 CH2 deformation (DNA) 1296 - 

1470 C-N stretching (Protein) 1472  

1600 Amide I band of proteins-Due 

to C-O stretching 

1596 1576 

1640 Amide I (proteins) 1640 - 
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b. Table S4: Peak assignments for Raman spectra data recorded for HeLa cells 

Wave number 

(cm-1) 

Raman Peak assignment Wave number (cm-1) 

(for live HeLa cell on N-

CNP sensor platform) 

Wave number (cm-1) 

(for cells fixed on N-

CNP sensor platform) 

667/9  T, G (DNA/RNA) 668 - 

752 DNA 752 748 

766 Pyrimidine ring breathing 

mode (RNA 

764 - 

785 U, T, C (ring breathing modes 

in the DNA/RNA bases) 

784 760 

800 DNA 800 - 

802 Uracil-based ring breathing 

mode (DNA) 

804  

812 Phosphodiester (Z-marker) 

(DNA) 

812 812 

826 O-P-O stretching DNA/RNA 824 - 

1200 Amide III (proteins) 1200 - 

1280 Amide III (proteins) 1280 - 

1288 Phosphodiester groups in 

nucleic acids 

1288 - 

1600 Amide I band of proteins-Due 

to C-O stretching 

1596 1576 

1656 Amide I (proteins) 1656 - 
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